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ABSTRACT 


Optimal  control  theory  is  used  to  develop  three  automatic 
control  systems  for  the  longitudinal  motion  of  a  semisubmerged 
ship.   A  linearized  mathematical  model  of  the  ship  motion  is 
used  and  the  control  problem  is  treated  as  a  linear  regulator. 
Simulations  of  the  ship's  longitudinal  motions,  utilizing  the 
three  control  systems,  are  compared  for  various  sea  conditions. 
It  is  concluded  that  if  the  wave  forces  and  moments  are  known 
or  are  estimated  as  functions  of  time,  a  suboptimal  controller 
is  the  best  controller.   However,  if  a  frequency  domain  approach 
is  used  to  estimate  the  wave  forces  and  moments,  the  complexity 
of  a  suboptimal  controller  approaches  that  of  an  optimal  con- 
troller and  the  difference  between  the  two  is  negligible. 
Preliminary  work  on  three  techniques  for  estimating  the  forces 
and  moments  is  presented. 
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I.   INTRODUCTION 

In  1968  the  need  arose  for  a  small,  relatively  inexpensive 
ship  which  could  travel  as  fast  as  large  Naval  vessels  and 
provide  support  for  one  of  the  Naval  Undersea  Research  and 
Development  Center  (NUC)  projects  —  an  unmanned  undersea 
vehicle.   The  ensuing  investigation  conducted  by  NUC  resulted 
in  the  semisubmerged  ship  concept  shown  in  Fig.  1  [Ref.  1] . 

Referring  to  Fig.  1,  the  concept  is  described  as  follows: 

a.  The  two  streamlined  hulls  provide  the  primary 
buoyancy  and  have  less  drag  and  experience  smaller  wave- 
induced  forces  than  conventional  ship  hulls. 

b.  A  propeller  is  placed  at  the  end  of  each  hull 
where  efficiency  is  increased  by  utilizing  the  boundary  layer 
inflow. 

c.  Two  vertical,  surface-piercing  bouyant  struts  are 
attached  to  each  hull,  providing  hydrostatic  stability  in  pitch 
and  heave  due  to  the  waterplane  areas  and  spacing.   Hydro- 
dynamic  stability  in  yaw  is  obtained  from  the  hydrofoil  behavior 
of  the  struts. 

d.  The  rudders  are  placed  in  the  propeller  slipstreams 
which  provides  additional  rudder  force  and  allows  the  rudders 
to  induce  forces  on  the  aft  struts. 

e.  A  horizontal  tail  surface  provides  pitch  damping  as 
well  as  pitch  stability  at  high  speeds. 

f.  The  superstructure,  aside  from  providing  the  lormal 
equipment  and  personnel  spaces,  provides  the  juncture  foi  the 
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rigid  attachment  of  the  two  hull-strut  systems.   This  rigid 
system  provides  stability  in  roll. 

g.   The  elevator  control  surfaces  incorporated  in  the 
horizontal  tail  surface  allow  a  means  of  controlling  the  ship's 
response  to  waves  when  used  in  conjunction  with 

h.   the  canard  control  surfaces  which  are  mounted  on 
the  forward  part  of  the  submerged  hulls. 

The  purpose  of  this  investigation  was  to  consider  various 
ways  of  controlling  the  elevator  and  canard  surfaces  and  make 
recommendations  concerning  the  method  of  control  and  areas 
requiring  further  investigation. 


II.   PROBLEM  FORMULATION 

A.   NON-DIMENSIONALITY 

The  response  of  a  ship  to  forces  —  environmental  and/or 
self-induced  by  control  surface  deflections  --  can  be  deter- 
mined from  a  system  of  equations  which  describe  the  ship.   If 
the  particular  ship's  displacement  is  changed,  but  the  hull 
configuration  is  retained,  it  is  necessary  to  determine  a  new 
system  of  equations  in  order  to  determine  the  ship's  response. 
A  non-dimensional  system  of  equations  however,  will  allow  the 
response  to  be  determined  from  this  one  system  of  equations 
and  scaled  to  any  particular  displacement.   The  system  of  equa- 
tions in  this  investigation  are  written  in  a  non-dimensional 
form  based  on  Froude  number  scaling. 

Froude  number   =  (2.1) 


/Tv17^ 


where 


U  =  ship's  forward  velocity 
g  =  acceleration  of  gravity 
V   =   ship's  displacement  volume 

The  dimensional  values  can  be  determined  by  multiplying 
the  non-dimensional  values  by  their  appropriate  factors  as 
given  in  Table  I.   The  symbol  p  indicates  water  density.   The 
characteristic  length,  1  ,  is  the  cube  root  of  the  displace- 
ment volume,  V.   The  ship's  displacement  weight  is  denoted  by 
the  symbol  A . 
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TABLE  I 
CONVERSION  FACTORS 
(Non-dimensional  to  Dimensional) 


Variable 

Multiplication 
Factor 

Length 

1  =  v1/3 

C 

Area 

].2  =  v2/3 
c 

Volume 

Linear  Velocity 

Time 

Angular  Rate,  Frequency- 

3 

1   =  V 
c 

•g  1 

3   c 

/ic/g 

«V10 

Linear  Acceleration 

g 

Angular  Acceleration 

9^0 

Force 

pgV  =  A 

B.  SEMISUBMERGED  SHIP  FORM  USED  FOR  THEORETICAL  ANALYSIS 

The  geometric  form  used  in  this  discussion  and  in  investiga- 
tions conducted  by  Naval  Undersea  Center  (NUC) ,  San  Diego, 
California,  is  shown  in  Fig.  2.   The  dimensions  are  giver,  in 
terms  of  the  characteristic  length,  1  .   Figure  3  will  aid  in 
interpreting  the  results  for  a  specific  ship  size. 

C.  COORDINATE  SYSTEM 

A  body  moving  in  a  fluid  can  move  in  all  six  degrees  of 
freedom  of  motion  —  translation  along  each  of  three  ort'  agonal 
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Figure  2.   Semi submerged  Ship  Form  Used  for  Theoretical 
Analysis  [Ref .  3] . 
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Figure  3.   Basic  Scaling  Parameters  as  a  Function  of  Ship 
Displacement  [Ref.  3]. 
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axes  and  rotation  about  each  of  the  three  axes.   The  choice 

of  a  coordinate  system  should  result  in  one  in  which  the 

equations  of  motion  can  be  most  conveniently  analyzed. 

The  ship  under  investigation  has  a  plane  of  symmetry  (as  have 

most  ships  in  existence),  which  is  defined  by  the  ship's 

centerline  and  a  line  perpendicular  to  the  ship's  deck.   Two 

of  the  axes  are  chosen  to  lie  in  this  plane  of  symmetry  with 

the  remaining  axis  being  orthogonal  to  the  plane.   This  choice 

simplifies  the  expressions  for  the  hydrodynamic  forces  through 

symmetry  and  simplifies  the  equations  of  motion  because  the 

axes  are  parallel  to  the  principal  axes  of  inertia  [Ref.  2], 

If  the  axes  are  located  such  that  their  origin  coincides  with 

the  ship's  center  of  mass,  the  axes  become  the  principal  axes 

of  inertia. 

The  ship's  position  is  given  in  an  Earth-fixed  right-hand 

cartesian  coordinate  system.   The  attitude  of  the  ship  can  be 

given  by  an  Euler  angle  transformation  from  axes  parallel  to 

the  Earth-fixed  axis  system  to  the  ship-fixed  axis  system  as 

chosen  above.   Figure  4  shows  the  relationship  between  the  two 

systems . 

1.   X   -  Axis 
s 

The  X   -  axis  is  the  ship-fixed  longitudinal  axis  in 

the  plane  of  symmetry  with  the  positive  direction  being  toward 

the  bow.   It  is  parallel  to  the  ship's  keel. 
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Figure  4.   Coordinate  System 

2.  Y   -  Axis 

s 

The  Y   -  axis  is  the  ship-fixed  transverse  axis  per- 

s  F  c 

pendicular  to  the  plane  of  symmetry.   The  positive  direction 
is  measured  to  starboard. 

3.  Z   -  Axis 

s 

The  Z   -  axis  is  the  "vertical  axis"  in  the  plane  of 

s  c 

symmetry.   The  positive  direction  is  measured  downward  toward 
the  keel. 

4 .  Angles  of  Rotation 

The  axis  system  that  has  been  chosen  forms  a  consistent 

right-handed  coordinate  system.   If  4>  is  the  roll  angle,  6  is 

the  pitch  angle  and  i>   is  the  yaw  angle,  then  the  positive  rota- 
tions are  as  indicated  in  Fig.  5. 


D.   LONGITUDINAL  RESPONSE  PROBLEM 

Previous  investigations  of  the  semisubmerged  ship  rei   lse 
[Ref.  3]  have  indicated  that  the  pitch  and  heave  motions  in 
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Figure  5.   Angles  of  Rotation 

regular  head  waves  are  quite  small.   However,  the  ship's 
natural  longitudinal  response  to  following  waves  having  a 
height-to-wavelength  ratio  of  0.05  has  been  found  to  be  greater 
than  desired  for  wavelengths  greater  than  one  ship  length.   In 
particular,  with  a  non-dimensional  speed  of  1.65  (high  speed), 
the  heave  response  to  a  wavelength  of  10  (height  of  0.5)  has 
been  found  to  be  greater  than  1.25.   The  values  for  a  2000-ton- 
displacement  ship  (refer  to  Fig.  2  for  dimensions)  would  be 

wavelength,  X      =   410  ft. 
wave  height,  h   =   20.5  ft. 


heave 


,  z   =   51.25  ft. 


This'  indicates  that  the  ship  is  thrown  out  of  the  water,  then 
slammed  back  into  the  water  with  the  upper  platform  submerging 
This  is  an  intolerable  situation  and  calls  for  the  design  -»f  a 
control  system  to  reduce  the  ship's  natural  response. 
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III.   SIMULATION  MODEL 

A.   LINEARIZED  EQUATIONS  OF  MOTION 

The  force  and  moment  equations  for  the  ship  are  written 
in  the  ship-fixed  axis  system  previously  described.   If  it  is 
assumed  that  the  ship  is  running  at  a  constant  forward  veloc- 
ity, U,  and  that  all  other  motion  variables  (velocities,  angular 
rates  and  attitude  angles)  make  only  small  perturbations  about 
straight  equilibrium  running,  then  the  equations  of  motion  can 
be  linearized  and  separated  into  two  groups:   (1)  the  lateral- 
direction  equations,  and  (2)  the  longitudinal-direction  equa- 
tions [Ref .  2] . 

The  longitudinal-direction  equations  of  motion  [Ref.  3] 
are  written  below  in  non-dimensional  form.   The  vertical  force 
is  given  by  Eq.  (3.1),  the  pitching  moment  by  Eq.  (3.2)  and  the 
kinematic  relationships  by  Eqs.  (3.3).   The  notation  is  de- 
fined in  Table  II. 

A       A  A  /\   O  /S  A* 

w'-Uq   =   1/2  U  [C   w+C   q 

•a       '  l    z~         z~^ 

w     q 

+C    6  +C    6  ]  -  A  T  z 
z~   e   z.   c     wL 

e      c 


(3.1) 


+a  Tx  T  e+z-,w' 

wL  wL    w 


+Z-,q' +  Z 
q  '^     w 
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TABLE  II 
DEFINITION  OF  NOTATION  FOR  EQUATIONS  OF  MOTION 


m 


w 


M 


w 


A 


wL 


X 


WL 


mp 


e 

z 

e  '   c 

U  ,   w 

q 
z 

M 
□ 

T 
D' 


Z  ,  M 


m/(i/2  pirv) 

Non-dimensional  wave  forces  along  the  X   axis 

Non-dimensional  wave  pitching  moment  about  the  Y   axis 

Non-dimensional  water  plane  area 

Non-dimensional  X   coordinate  of  the  centroid  of  water 

s 

plane  area 
Non-dimensional  metacentric  height  in  pitch 
Non-dimensional  radius  of  gyration  about  the  pitch  axis, 

Ys 

Pitch  angle 

Non-dimensional  position  of  ship  center  of  mass  in 
Earth-fixed  coordinates 

Elevator  and  canard  surface  deflection  angles 

Velocity  component  along  X   and  Z   axes  respectively 

Angular  rate  about  Y   axis 

Force  along  Z   axis 

Moment  about  Y   axis 
s 

Non-dimensional  form  of  □ 

1/3  1/2 

Non-dimensional  time,  t(g/V  '  )  ' 

do/di 

—  Z    —  M 
3d  l    '     da   u 


Z/(l/2   pU2V2/3) 


3d      z 
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pZq'   =   1/2  U  [C   w+c   a 

J  w     q 

+C    6e+C    6  ]  -  z   6 
m,     m,   c     mp 

6e   •   6c  (3.2) 

A      A       A         A      A 

+A  _ X  _ z  +  M~  ,  w ' 
wL  wL      w 

q,M     w 


0'  =   q 

z'  =  -ue  +  w  .  *J,J' 

The  equations  of  motion  can  be  rewritten  in  a  form  where 
they  are  functions  of  pitch  (6),  heave  (z) ,  their  respective 
first  and  second  derivatives,  control  surface  deflections  and 
wave  forces  and  moments  by  utilizing  Eqs .  (3.3).   These  equa- 
tions are  shown  below  with  the  coefficients  replaced  by  their 
numerical  values  as  determined  by  previous  investigations 
[Ref.  3]. 

z"   =   1/2  U[-4.303(z'+U9) 

-4.7639'-1.50U  6 


(3.4) 


-0.57U  6  ]-0.608z 
c 

-0. 06479-1. 075(zM  +U9  '  ) 

-0.3649"  +  Z 
w 

1.4129"   =   1/2  U[-4.763(z+U9) 

-15.089 '-2.85U  6 

e 

+0.90U  6  ]-1.0459 

-0.0647z-0.364(z"  +U9') 

-2.1429"  +M 
w 
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(3.5) 


B.   TRANSFER  FUNCTIONS 

Reference  [3]  gives  the  response  of  the  ship  in  pitch  and 
heave  resulting  from  0.1-radian  control  surface  deflections. 
These  responses  can  be  determined  from  the  transfer  functions 
relating  the  responses  to  the  control  surface  deflections.   In 
order  to  determine  if  the  model  used  in  this  investigation  was 
equivalent  to  the  one  used  by  NUC,  San  Diego,  the  transfer 
functions  were  derived  as  shown  below  and  the  responses  to  the 
control  surface  deflections  were  obtained. 

The  linear  Eqs.  (3.4)  and  (3.5)  can  be  Laplace  transformed; 

the  result  of  doing  this  is  shown  below  with  the  assumption  made 

that  the  initial  conditions  are  zero.   The  numerical  values  of 

the  coefficients  a.  and  b.,  i=l,...,8,  are  given  in  Table  III. 

A     2        A        ^  2 

z(s)s    =   a, z (s) s+a2z (s) +a_6 (s) s 

+a40 (s)s+a56 (s)+a66e  (3.6) 


+a_6  +a0z 
7  c   8  w 


e(s)s2  =  b1e (s)s+b2e(s)+b3z(s) s2 


+b.z(s)  s+bt.z(s)+b,6  (3.7) 

h  o       be 

+b_6  +b0M 
7  c   8  w 

One  method  of  determining  transfer  functions  is  to  draw 

the  signal  flow  graph  corresponding  to  Eqs.  (3.6)  and  (3.7)  and 

then  apply  Mason's  Gain  Rule  to  the  resulting  graph  [Ref.  4]. 

Referring  to  Fig.  6  and  Table  III  for  the  appropriate  coefficient 

values,  it  can  be  seen  that  the  transfer  functions  will   ive  the 

20 


TABLE  III 


Coefficient 

Value 

Coefficient 

Value 

al 

-1.0369  U 

bi 

-2.2240  U 

a2 

-0.2930 

b2 

-0.6701  U2-0.2940 

a3 

-0.1754 

b3 

-0.1024 

a4 

-1.6658  U 

b4 

-0.6701  U 

a5 

-1.0369  U2-0.0312 

b5 

-0.0182 

a6 

-0.3614  U2 

b6 

-0.4010  U2 

S7 

-0.1373  U2 

b7 

+0.1266  U2 

a8 

+0.4819 

b8 

+0.2814 

£ts) 


Gcs) 


Figure  6.   Signal  Flow  Graph. 
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ship's  non-dimensional  speed,  U,  as  the  determining  parameter. 

The  resulting  transfer  functions  are  of  the  form 

w  \         N0s2+Nns+Nn 

X(s)  _  2     1    0 , 

vTsT  4      "3     2  \J  >  o) 

1  ;       D4S  +D3SJ+D2s  +D1s+DQ 

where  the  coefficients  N . ,  i=0,l,2,  and  D.,  j=0,l,...,4  are 
given  in  Table  IV. 

Reference  [3]  investigates  the  ship's  response  for  two 
distinct  speeds,  u=1.0  and  1.65.   Referring  to  Fig.  3,  it  can 
be  seen  that  for  a  2000-ton-displacement  ship,  these  values 
correspond  to  speeds  of  21.8  knots  and  36  knots  respectively. 
The  transfer  functions  for  these  two  speeds  are  given  in  Table 
V,  and  the  responses  resulting  from  0.1-radian  control  surface 
deflections  were  found  to  agree  with  those  contained  in  Ref.  [3], 

C.   COMPUTER  MODEL 

The  time  histories  of  the  ship's  responses,  pitch,  pitch 
velocity,  heave  and  heave  velocity,  can  be  found  by  using  a 
computer.   A  choice,  however,  must  be  made  whether  to  use  analog 
or  digital  simulation  for  the  ship  model.   Both  models  are  given 
below. 

1.   Analog  Model 

An  appropriate  model  for  analog  simulation  can  be  easily 
achieved  by  normalizing  Eq.  (3.8)  with  repect  to  D..   The  result- 
ing model  is  shown  in  Fig.  7.   A  penalty  must  be  paid  for  the 
ease  with  which  simulation  has  been  achieved  and  that  is  that 
the  states  x.  through  x.  have  no  physical  significance.   In 
order  to  determine  some  physical  quantity  (e.g.,  z,  z',  8,  9'), 
linear  combinations  of  the  states  x,  through  x,  are  requ  red. 
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Figure  7.   Analog  Model 
(Assumes  no  phase  reversal  through  integrators) 


2.   Digital  Model 

The  digital  model  could  easily  be  solved  by  choosing 
the  states  as  being  the  same  as  those  in  the  analog  model, 
again,  however,  the  chosen  states  have  no  physical  meaning. 

A  more  desirable  model  is  achieved  by  choosing  the 
states  as  being  heave,  heave  velocity,  pitch  and  pitch  velocity. 
These  states  can  be  obtained  by  algebraic  manipulation  of 
Eqs .  (3.6)  and  (3.7).   In  their  present  form,  each  of  these 
equations  contains  the  transforms  of  the  second  derivative  of 
both  heave  and  pitch.   This  explicit  interdependence,  illustrated 
by  the  a~-b3  loop  in  Fig.  6,  must  be  removed  in  order  to  c  tain 
a  workable  model.   This  is  accomplished  by  substituting      (3.6) 
into  (3.7)  and  Eq.  (3.7)  into  (3.6). 
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The  states  are  chosen  as  indicated  above,  resulting 
in  a  state  differential  equation  which  describes  the  ship. 
This  equation  has  the  form 


x(t)   =   Ax(t)+Bu(t)+Cw(t) 


(3.9) 


where  the  state  vector  is  defined  as 


x(t) 


the  control  vector  is 


u(t) 


and  the  wave-force  vector  is 


w(t) 


The  coefficient  matrices  are 


«e(t) 


6  (t) 
c 


w 


M 


w 


A   = 


0 

1 

0 

0 

0.2951 

-0.9362U 

-0.9362U2+0.0207 

-1.299U 

0 

0 

0 

1 

0.012 

-0.5742U 

-0.5742U2-0.2961 

-2.091U 
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and 


B   = 


0 
-0.2964U' 

0 
-0.3706U* 


0.4907 


-0.0502 


-0.1624U' 
0 
0.1432U' 


-0.0503 


0.2865 


Equation  (3.9)  is  readily  simulated  on  a  digital 
computer  to  give  the  ship's  time  response  to  control  surface 
deflections  and  known  wave  forces  and  moments. 
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IV.   CONTROL  SYSTEMS  FOR  THE  SEMISUBMERGED  SHIP 

Optimal  control  theory  [Ref.  5]  was  used  to  derive  three 
controllers  for  the  semisubmerged  ship.   The  derivations  of 
the  control  laws  are  based  upon  two  assumptions:   (1)  the 
states  in  Eq.  (3.9)  are  directly  measurable,  and  (2)  no 
measurement  noise  exists  in  the  measurement  of  the  states. 

A.   PERFORMANCE  MEASURE 

The  performance  measure  gives  a  quantitative  measure  of 
the  quality  of  response  of  the  system  under  consideration. 
With  the  exception  of  long  waves  (X>14)  where  the  wave  crest 
might  impact  with  the  upper  platform  and  it  would  be  more 
advantageous  to  follow  the  contour  of  the  wave,  it  is  desired 
to  maintain  the  ship  as  stable  as  possible  in  the  Earth-fixed 
coordinate  system.   This  requires  that  the  state  vector  be 
maintained  close  to  the  equilibrium  point  (origin) .   The  con- 
trol surfaces  however,  should  not  have  excessive  deflect: ons 
which  would  run  them  into  mechanical  or  electrical  stops,  nor 
should  they  overload  the  actuation  system  and  result  in  ;  ^ss 
of  the  control  system.   In  view  of  the  above,  the  require  nent 
for  the  control  system  becomes: 

The  control  system  must  maintain  the  state 
vector,  x(t) ,  as  close  to  the  origin  as 
possible  without  an  excessive  expenditure 
of  control  effort. 

The  performance  measure  then  chosen  is 

tf 

J      -   1/2  J.  [xT(t)Qx(t)+uT(t)Ru(t) ]dt  (4.1) 

0  " 


where  the  final  time  tf  is  assumed  to  be  fixed,  Q  is  a  real 
symmetric  positive  semi-definite  weighting  matrix  and  R  is  a 
real  symmetric  positive  definite  weighting  matrix.   It  is 
assumed  that  the  states  and  controls  are  not  bounded  and  that 
the  final  state,  x(tf),  is  free.   No  penalty  has  been  placed 
on  minimizing  the  deviation  of  the  final  state  from  its 
desired  value,  0.   It  is  desired  to  determine  the  control 
u*(t)  that  minimizes  this  performance  measure. 

B.   CONTROL  LAW  FOR  THE  SHIP  IN  A  CALM  SEA 

The  system  of  equations   defining  the  ship  in  a  calm  sea 
(w(t)=0)  is 

x(t)   =   Ax+Bu(t)  (4.2) 

The  requirement  to  minimize  the  performance  measure  J,  given 
by  Eq.  (4.1)  leads  to  the  well-known  optimal  control  law 
[Ref.  5] 

U*(t)   =   -R_1BTK(t)x(t) 

=   F(t)x(t)  (4*3) 

where  K(t)  is  the  real  symmetric  positive  definite  solution  to 
the  Riccati  equation 

K(t)   =   -K(t)A-ATK(t)-Q+K(t)BR"1BTK(t)  (4.4) 

which  satisfies  the  boundary  condition 

K(tf)   =   0 

The  optimal  control  law  given  in  Eq.  (4.3)  is  seen  to  be  a  time- 
varying  feedback  of  the  state  vector  x(t).   The  closed-loop 
system. state  equations  reduce  to 

x(t)   =   [A+BF(t) ]x(t)  ^4-5) 

2  9 


when  the  optimal  control  law  is  used.   Figure  8  shows  this 
system  in  block  diagram  form. 


C.   THE  OPTIMAL  CONTROL  LAW  FOR  THE  SHIP  WHEN  SUBJECTED  TO 
WAVE  FORCES 

The  Hamiltonian  for  the  forced  system  is 

(x(t),u(t),£(t) ,t)   =   l/2xT(t)Qx(t)+l/2  uT(t)Ru(t) 

+pT(t)Ax(t)+pT(t)Bu(t) 


T 


(4.6) 
+£x  (t)Cw(t) 

where  £(t)  is  a  vector  of  Lagrange  multipliers  called  costates. 
The  theorem  that  the  variation  of  the  augmented  functional 


J   =  /   {l/2[xT(t)Qx(t)+uT(t)Ru(t)] 


+£  (t) [Ax(t)+Bu(t)+Cw(t)-x(t) ] }dt 


(4.7) 


equals  zero  on  an  extremal  requires  that  the  following  neces- 
sary conditions  hold  for  the  state  equation,  costate  equation, 
and  control  [Ref .  5] : 


x*(t)   =  Ax*(t)+Bu*(t)+Cw(t) 


£*(t)   =   -  |-  -  -Qx*(t)-ATp/(t) 


0   -   -  |-  -   Ru*(t)+BTp*(t) 


for  all 
t=[tQ,tf] 


(4.8) 


(4.9) 


(4.10) 


where  the  asterisk  denotes  an  extremal.   R  is  a  positive 
definite  matrix,  therefore  Eq.  (4.9)  can  be  solved  for  the 
optimal  control  to  give 

U*(t)   =   -R"1BT£*(t)  4.11) 
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Substitution  of  Eq.  (4.11)  into  Eq.  (4.8)  yields 
x*(t) 


Ax*(t)-BR~1BT£* (t)+Cw(t) 


(4.12) 


Equations  (4.9)  and  (4.12)  now  form  a  system  of  2n  linear 
nonhomogeneous  differential  equations 


x*(t) 
E*(t) 


A 


-Q 


-1    T~ 

-BR      B 

x*(t)~ 

+ 

"AT 

_EMt)_ 

Cw(t) 


(4.13) 


whose  solution  is 


x*(tf) 


P*(tf) 


$(tf,t) 


x*(t) 


B*(t) 


+     /   $(t-rT) 


Cw(t) 


dx 


(4.14) 


where  (j>  is  the  state  transition  matrix  of  Eq.  (4.13).   If  (j) 
is  partitioned  and  the  integral  in  Eq.  (4.14)  is  replaced  by 
a  2nxl  vector 


/    4<t-,T) 


Cw(t) 


dx   = 


fx(t) 


f2(t) 


(4.15) 


Eq.  (4.14)  can  be  rewritten  as 


x*(tf) 


$,,  (t  ,t)x*(t)+^1?(t.,t)p*(t)+f1  (t) 


12vuf 


(4.16) 


e*(tf)    =    $21(tf,t)x*(t)+$22(tf ,t)g*(t)+f2(t) 


The  boundary  condition  for  the  costates  is 

£*(tf)   =   0 


(4.17) 
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Therefore,  Eq.  (4.17)  can  be  solved  as 

g*(t)   =   -  $2~1(tf,t)$21(tf,t)x*(t) 

(4.18) 

"  *221(tf  t)f-2{t) 
Kalman  [Ref.  6]  has  shown  that  the  required  inverse, 
^22~  (tft)'    exists  for  all  t  e  [tQ,tf]  so  that  Eq .  (4.18) 
can  be  rewritten  as 

g*(t)   =   K(t)x*(t)+s(t)  (4.19) 

Equation  (4.19)  can  now  be  substituted  into  Eq.  (4.11)  resulting 
in  the  optimal  control  law  (Eq.  (4.20))  similar  to  that  in 

Ref.  [7]. 

-IT  -IT 

U*(t)   =   -R(t)B(t)K(t)x*(t)-R(t)B(t)s(t) 

(4.20) 

=   F(t)x*(t)+v(t) 

Equation  (4.20)  indicates  that  the  optimal  control  law  contains 
a  linear  function  of  the  system  states,  and  also  a  command 
signal,  v(t),  that  not  only  depends  upon  the  system  parameters, 
but  also  upon  future  values  of  the  wave  forcing  function,  w(t). 
This  indicates  that  the  optimal  control  law  must  be  anti  :ipatory 
in  effect. 

The  matrix  K(t)  and  the  vector  s(t)  can  be  obtained  ny 
differentiating  Eq.  (4.19) 

p*(t)   =   K(t)x*(t)+K(t)x*(t)+s(t)  (4.21) 

and  substituting  Eqs .  (4.8),  (4.11)  and  (4.19)  into  Eq .  (4.21). 
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g*(t)   =   K(t)x* (t)+K(t) [Ax* (t)+Bu* (t)+Cw(t) ]+s(t) 

=   K(t)x*(t)+K(t) [Ax* (t)-BR~1BTp*(t)+Cw(t) ]+s(t) 
=   K(t)x*(t)+K(t) [Ax*(t)-BR-1BT(K(t)x*(t)+s(t) ) 


+Cw(t)]+s(t) 

(4.22) 

However,  substitution  of  Eq.  (4.19)  into  the  costate  Eq.  (4.9) 
also  results  in 

g*(t)   =  -Qx*(t)-AT(K(t)x*(t)+s(t) )  (4.23) 

Equations  (4.22)  and  (4.23)  can  be  equated  which,  after 
collecting  terms,  yields 


[K  ( t) +K (t) A-K ( t) BR~1BTK ( t) +ATK ( t) +Q] x* ( t) 


+  [s(t)+ATs(t)-K(t)BR  1BTs  (t)+K(t)Cw(t)  ]   =   0 


(4.24) 


which  must  be  satisfied  for  all  x(t)  and  w(t).   This  results 
in  the  matrix  differential  equation  for  K(t), 

K(t)   =   -K(t)A-ATK(t)-Q-*-K(t)BR""1BTK(t)  (4.4) 

which  is  the  same  as  that  given  earlier  for  the  calm  sea 
condition,  and  an  additional  vector  differential  equation, 

S(t)   =   -[AT-K(t)BR"1BT]s(t)-K(t)Cw(t)  (4.25) 

The  boundary  conditions  to  be  satisfied  are 

K(tf)   =   0 

s(tf)   =   0 
34 


Equations  (4.4)  and  (4.25)  can  now  be  integrated  backward 
in  time  from  tf  to  tQ  and  the  resulting  solutions  can  be 
stored  and  substituted  into  Eq.  (4.20)  to  give  the  optimal 
control  law 

u' (t)   =   -R'1BTK(t)x*(t)-R_1BTs(t)  (4.20) 

=   F(t)x*(t)+y(t) 

The  controlled  system,  shown  in  Fig.  9,  is  now  defined  by  the 
matrix  differential  equation 

x(t)   =   [A+BF(t)  ]x(t)+By(t)+Cw(t)  (4.26) 

D.   A  SUBOPTIMAL  CONTROL  LAW  FOR  THE  SHIP  WHEN  SUBJECTED  TO 
WAVE  FORCES 

The  optimal  control  law  given  by  Eq.  (4.20)  requires  that 
the  command  signal  v(t)  be  determined  either  by  (1)  integrating 
Eq.  (4.25)  backwards  in  time  assuming  the  forcing  signal  w(t) 
is  known,  or  (2)  storing  previously  computed  values  of  y(t)  in 
a  look-up  table  and  selecting  the  one  which  corresponds  to  the 
appropriate  time  history  of  w(t).   Either  of  the  above  methods 
would  require  the  use  of  either  an  existing  onboard  computer 
or  a  computer  dedicated  specifically  to  the  control  system  for 
computation  and  storage.   The  suboptimal  control  system  .  erived 
below  was  investigated  to  determine  if  this  added  complexity 
could  be  reduced  or  altogether  avoided. 

Referring  to  the  system  equation  given  by  Eq.  (4.26),  the 
objective  is  to  have  the  state  vector,  x(t),  approach  0.   This 
requires  that  x(t)  also  approach  0.   This  can  only  occur  if 
when  x(t)  -      0, 

By(t)   =   -Cw(t)  14.27) 
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In  general,  Eq.  (4.27)  cannot  be  solved  for  v(t)  since  B~ 
does  not  exist;  however  here  the  first  and  third  rows  of 
both  B  and  C  are  zero  which  allows  two  new  matrices,  B'  and 
C,  to  be  defined  as 


B 


21     22 


41    "42 


i   — 


'21 


41 


'22 


42 


(4.28) 


It  can  be  shown  (see  Appendix  A)  that 

B'y(t)   =   -C'w(t)  (4.29) 

and  since  B'  and  C  are  (2x2)  matrices  and  B'    exists,  Eq. 
(4.29)  can  be  solved  to  yield 


v(t)   =   -B'~1C,w(t) 


=   Gw(t) 


(4.30) 


The  control  law  can  now  be  written  as 


u(t)   =  F(t)x(t)+Gw(t) 


(4.31) 


and  Eq.  (3.9)  becomes 


x(t)   =   [A+BF(t)  ]x(t)  +  [BG+C]w(t) 


(4.32) 


It  can  be  easily  shown  that  as  defined,  the  matrix  equality 

??  "   -9  (4.33) 
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holds  (see  Appendix  B)  so  that  if  w(t)  is  exactly  known, 

Eq.  (4.32)  reduces  to  Eq.  (4.5),  the  system  equation  for  calm 

seas. 

x(t)   =   [A+BF(t) ]x(t)  (4.5) 

Therefore,  if  the  suboptimal  control  law  given  by  Eq.  (4.31) 
is  used,  the  computer  capability  required  by  the  optimal 
control  law  is  avoided. 

Reference  [7]  shows  that  the  eigenvalues  of  the  matrix 
[A+BF(t)]  have  negative  real  parts  so  that  after  initial 
transients,  the  system  states  will  approach  zero.   Figure  10 
shows  the  block  diagram  for  this  system. 

E.   CONSTANT  STATE  FEEDBACK 

The  control  laws  given  by  Eqs .  (4.3),  (4.20)  and  (4.31) 
contain  the  time-varying  feedback  matrix  K(t).   This  matrix 
was  determined,  as  previously  stated,  by  integrating  Eq.  (4.4) 
backwards  in  time.   Although  K(t)  can  be  computed  and  stored 
prior  to  utilization  of  the  above  control  laws  (since  the  solu- 
tion of  Eq.  (4.4)  does  not  depend  upon  the  system  states), 
the  complexity  of  the  control  system  would  be  increased  over 
one  which  incorporated  constant  rather  than  time-varying 
feedback  of  the  system  states. 

Kalman  [Ref.  6]  has  shown  that  if  (1)  the  plant  is  completely 
controllable,  (2)  there  is  no  cost  penalty  for  final  state  vector 
deviations  from  the  desired  final  state,  and  (3)  A,  B,  R  and  Q 
are  constant  matrices,  then  K(t)  approaches  K  (a  constant 
matrix)  as  tf  approaches  infinity.   To  determine  whether,  the 
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plant  is  completely  controllable,  the  rank  of  the  matrix 

E   -   [B    AB    A2B    ...  An_1B]         (4.34) 
must  be  evaluated.   The  plant  is  completely  controllable  if 
and  only  if  E  has  a  rank  of  n  (in  this  particular  case  n  is 
four).   Equation  (4.34)  was  evaluated  and  found  to  have  a 
rank  of  four,  so  this  system  is  controllable  as  anticipated. 

The  ship  meets  all  of  the  above  requirements  with  the 
exception  that  tf  does  not  approach  infinity  (although  it  may 
be  quite  large).   However,  the  solution  to  Eq.  (4.4)  using  the 
NPS  IBM-360/67  computer  (Figs.  11  through  15)  shows  that  the 
feedback  gain  matrix  does  reach  steady-state  constant  values 
in  a  very  short  time  (-  3.1  sec.  for  a  2000-ton-displacement 
ship)  and  hence  K(t)  can  be  approximated  by  the  constant  matrix 
K  to  give  the  following  control  laws  which  are  used  in  the 
remaining  investigation: 

u(t)   =   Fx(t)  (4.35) 

U*(t)   =   Fx(t)  +  v(t)  (4.36) 

u(t)   =   Fx(t)+Gw(t)  (4.37) 

F  can  be  obtained  from 

F   =   -R~1BTK  (4.38) 

where  K  is  the  steady-state  solution  to  Eq.  (4.4)  and  hence 
also  satisfies  the  nonlinear  algebraic  equation 

0   =   -KA-ATK-Q+KBR"1BTK  (4.39) 
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V.   SIMULATION  PROCEDURE 

The  NPS-360/67  computer  was  used  to  solve  the  ship's  time 
response  incorporating  the  control  laws  determined  previously 
for  various  wave  forcing  functions.   The  computer  program  is 
given  following  the  appendicies,  and  a  flowchart  is  shown  in 
Fig.  16.   In  order  to  solve  Eqs.  (4.25)  and  (4.32),  w(t)  and 
v(t)  must  be  known. 

A.   WAVE  MODEL 

The  wave  forces  were  estimated  using  the  properties  of 
deep  water  Airey  waves.   The  resulting  equations  are  [Ref.  3] 

z   =  Acos (-a1 t) +Bsin(-a' t)  (5.1) 

w 

M   =  Ccos (-a'T)+Dsin(-a'T)  (5.2) 

w 

where 

a'   =  non-dimensional  wave'  encounter  frequency 

=  (27T/X)i/^    -    (2ttU/A)cosijj  (5.3) 

ip   =  wave  direction 

0°       (following  sea) 

(5.4) 
180°     (ahead  sea) 

and  X    is  the  non-dimensional  wavelength  of  the  ocean  wave.   The 
coefficients  A,  B,  C  and  D  are  graphed  versus  X  in  Ref.  [3],   A 
least  squares  polynomial  curve  fitting  subroutine,  LSQPL2 ,  was 
used  to  fit  a  sixth-order  polynomial  to  each  of  the  grapl  3. 
Each  polynomial  is  a  function  of  X  .   The  resulting  polyn  .nials 
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Figure  16.   Computer  Flowchart, 
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are  used  in  the  computer  program  to  simulate  the  wave  forces 
and  moments  acting  on  the  ship. 

B.   COMMAND  SIGNAL 

The  optimal  control  law  (Eq.  (4.36))  requires  the  command 
signal 

(5.5) 


v(t)   =   -R  1BTs(t) 


where  s(t)  is  the  solution  to  Eq.  (4.25).   Equation  (5.5)  was 
solved  for  the  three  cases  shown  in  Table  VI.   All  three  cases 
are  for  following  seas  (i|)=0°)  which,  as  previously  stated,  is 
a  sea  condition  which  gives  an  undesirable  ship  response.   The 
results  for  case  three  are  shown  in  Figs.  17  and  18.   It  is 
seen  that  as  expected  for  a  sinusoidal  forcing  function,  the 
command  signal  is  also  sinusoidal  in  form  with  the  exception 

TABLE  VI 
PARAMETERS  USED  IN  SOLVING  EQUATION  (5.5) 


/\ 

/\ 

Case   No. 

Q 

R 

U 

X 

i> 

1 

I 

I 

1.0 

10.0 

0° 

2 

I 

0.51 

1.0 

10.0 

0° 

3 

I 

0.11 

1.0 

10.0 

0° 

I  =  Identity  Matrix 


being  where  t  approaches  tf  and  the  boundary  condition 


y(tf)   =   0 


must  be  met. 
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Since  E.q.  (4.25  must  be  solved  forward  in  time  and  Eq. 

(5.5)  can  only  be  solved  backward  in  time,  it  becomes  necessary 

to  have  a  model  for  y(t)  to  use  in  solving  Eq.  (4.25) .   The 
model  that  was  chosen  was  of  the  form 


V--(t)   =   M1sin(-ai+Y1) 


v„(t)   =  M2sin(-ai+y  ) 


(5.6) 


where  the  magnitudes,  M-  and  M2,  and  phase  angles,  y,  and  y2, 
were  determined  from  the  solutions  to  Eq.  (5.5)  and  the  final 
time  deviations  from  sinusoidal  form  were  ignored.   The  models 
for  the  three  cases  in  Table  VI  are  incorporated  in  the  computer 
program  as  subroutine  EST. 

An  alternative  approach  for  obtaining  the  command  signal 
is  to  use  a  frequency  approach  instead  of  integrating  Eq.  (4.25) 
backward  in  time.   If  a  new  time  variable,  t  ,    is  defined  as 

t   =   tf-t 
then 

dx   =   -dt 
and  Eq.  (4.25)  can  be  rewritten  as 

S(T)   =   [AT-KBR~1BT] s(t)+KCw(t)  (5.7) 

which  satisfies  the  initial  condition 

s(0)   =   0 

-1  T 
As  previously  stated,  [A-BR   B  K]  is  stable  and  since  the 

transpose  of  a  stable  matrix  is  also  stable,  Eq.  (5.7)  is  a 

stable  equation  in  t  (backwards  in  time  t) . 
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The  Laplace  transform  of  s(t),  after  invoking  the 
boundary  condition,  is  given  by 

S(s)   =   [sI-AT+KBR~1BT]   KCw(s)  (5.8) 

If  w(t)  is  a  periodic  function  with  a  discrete  Fourier  spectrum 
W(f),  then  the  spectrum  S(f)  is  given  by 

S(f)   =   [j27TfI-AT+KBR"1BT]   KCW(f)  (5.9) 

and  s_(t)  can  be  obtained  by  taking  the  inverse  Fourier  trans- 
form of  Eq.  (5.9).   This  approach  will  hold  for  any  general 

function  w(t)  since  the  initial  condition  of  Eq .  (5.7)  is  zero. 
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VI.   RESULTS 

The  three  controllers  derived  in  the  previous  chapter  will 
be  called  (1)  the  "constant-gain  controller"  --  given  by  Eq . 
(4.35),  (2)  the  "optimal  controller"  —  given  by  Eq .  (4.36) 
and  (3)  the  "suboptimal  controller"  —  given  by  Eq.  (4.37). 
Although  the  constant-gain  controller  was  derived  for  the 
calm  sea  condition,  its  use  was  also  investigated  for  the 
condition  where  w(t)  f   0.   Figures  19  and  20  show  the  ship's 
heave  and  pitch  response  to  a  following  sea  of  wavelength  10 
when  the  ship's  speed  is  1.65  and  no  control  system  is  used. 

A.   CASES  INVESTIGATED 

The  following  assumptions  were  made  in  the  first  five  cases 
listed  below. 

(1)  The  control  surface  deflections  were 
instantaneous . 

(2)  The  wave  forces  and  moments,  w(t),  were  non-zero 
and  exactly  known. 

(3)  The  state  vector  weighting  matrix,  Q,  was  equal 
to  the  identity  matrix,  I. 

(4)  Contact  of  the  underwater  hulls  and  control 
surfaces  with  the  air-water  interface  was  ignored. 

(5)  Initial  conditions  which  were  considered  severe 

z(tQ)  =  -0.5 

z(tQ)  =  0.0 
8 (t»)  =  0.5  radians 
6(tQ)  =  0.0  radians/sec. 
were  used  (refer  to  Fig.  2) . 
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In  the  sixth  case  it  was  assumed  that  w(t)  was  not  known 
exactly;  the  other  assumptions  indicated  above  remained  in 
force. 

1.  Case  I 

The  reduction  of  the  control  weighting  matrix  R  and  the 
resultant  effect  on  the  ship's  response  and  control  surface 
deflections  was  investigated. 

2.  Case  II 

The  control  surface  deflections  were  constrained  to 
+30°  limits  and  the  effect  on  the  ship's  response  was  determined 

3.  Case  III 

The  ship's  response  using  the  Constant-Gain  Controller 
was  determined. 

4.  Case  IV 

The  ship's  response  using  the  Optimal  Controller  was 
determined. 

5.  Case  V 

The  ship's  response  using  the  Suboptimal  Controller 
was  determined. 

6.  Case  VI 

The  effect  of  imperfect  estimates  of  w(t)  on  the  ship's 
response  was  investigated  using  the  Suboptimal  Controller.  The 
estimate  of  w(t)  was  perturbed  by  +15  percent  of  its  true  value. 

B.  '  THE  EFFECT  OF  VARYING  CONTROL  WEIGHTING  MATRIX  (CASE  I) 

The  values  of  the  weighting  matrix  R  in  Eq.  (4.1)  determine 
how  much  emphasis  is  placed  upon  the  expenditure  of  cont'ol 
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effort  as  compared  to  maintaining  the  state  vector,  weighted 
by  Q,  close  to  the  origin.   It  is  seen  that  as  the  values  of 
R  are  made  smaller  compared  to  those  of  Q,  more  emphasis  will 
be  placed  upon  maintaining  x(t)  close  to  the  origin. 

The  ship's  response  in  heave  and  pitch  is  shown  in  Figs. 
21  and  22  for  a  following  sea  with  a  wavelength  of  10  and  a 
ship  speed  of  1.0.   The  Optimal  Controller  was  used  with  two 
different  R  matrices 


R 


1.0 


0 


0 


1.0 


and 


R  = 


0.5     0 
0     0.5 


The  figures  show,  as  expected,  that  heave  and  pitch  are  reduced 

as  R  is  reduced.  The  corresponding  increase  in  control  effort 

is  shown  in  Figs.  23  and  24  for  the  Elevator  and  Canard 
respectively. 

C.   CONSTRAINED  CONTROL  SURFACE  DEFLECTIONS  (CASE  II) 

A  large  canard  deflection  (see  Fig.  24)  was  required  to 
reduce  the  state  vector  to  its  steady-state  value  when  R  was 
reduced.   The  ship's  response  to  the  same  conditions  as  in 
Case  I  above  with  R  =  0.51  is  shown  in  Figs.  25  and  26  where 
the  control  surface  deflections  were  arbitrarily  limited  to 
+  30°.   The  difference  in  state  trajectories  between  the  un- 
constrained and  constrained  control  surface  deflections   3 
almost  negligible;  additional  verification  is  provided  .   the 
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performance  measure  (see  Table  VII) .   It  was  found  that  an 
additional  reduction  in  the  control  weighting  matrix  to 


R   = 


0.1 


0 


0 


0.1 


brought  the  state  vector  much  closer  to  the  origin  but  with 
unconstrained  control  deflections,  produced  unrealistic  deflec- 
tion angles  in  the  initial  control  period.   The  control  surfaces 
were  then  constrained  to  the  previous  limits  and  the  resultant 
differences  in  the  state  trajectories  were  negligible  since 
the  period  of  constraint  was  small  compared  to  the  total  control 
interval  [tn,  tf ] .   As  a  result,  all  remaining  cases  have  con- 
strained control  surface  deflections  (+  30°)  and 


R   = 


0.1 
0 


0 


0.1 


to  bring  the  state  vector  closer  to  the  origin. 

D.   THE  CONSTANT-GAIN  CONTROLLER  (CASE  III) 

As  previously  stated,  this  controller  was  not  derived  for 
the  case  where  w(t)  ^  0.   However,  since  it  is  based  upo:  feed- 
back of  the  system  states,  it  will  tend  to  reduce  any  disturbance 
of  the  state  vector  from  its  equilibrium  point.   Figures  27 
through  29  show  the  ship's  response  and  control  surface  deflec- 
tions for  a  following  sea  with  a  wavelength  of  10  when  the 
ship's  speed  is  1.65.   As  expected,  the  state  vector's  devia- 
tion from  equilibrium  has  been  reduced  (refer  to  Figs.  1'  and 
20  for  comparison)  and  the  Constant-Gain  Controller  can   e 

used  without  any  knowledge  of  w(t) . 
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E.  THE  OPTIMAL  CONTROLLER  (CASE  IV) 

The  ship's  response  using  this  controller  is  shown  in 
Figs.  30  and  31.   The  ship's  speed  was  1.00  and  the  seas 
were  following  with  a  wavelength  of  10.   The  control  surface 
deflections  (Fig.  32)  are  seen  to  be  less  than  those  of  the 
Constant-Gain  Controller  as  are  the  deviations  of  the  state 
vector  from  equilibrium.   This  is  expected  since  the  Optimal 
Controller  minimizes  the  performance  measure  J. 

F.  THE  SUBOPTIMAL  CONTROLLER  (CASE  V) 

Figures  33  through  35  show  the  ship's  response  and  control 
surface  deflections  for  a  following  sea  of  wavelength  10  and  a 
ship's  speed  of  1.65.   The  response  and  control  surface  deflec- 
tions for  an  ahead  sea  (\p   =  180°)  of  wavelength  10  are  shown 
in  Figs.   36  through  38.   It  is  seen  that,  as  previously  stated, 
the  state  approaches  zero  after  the  initial  transients. 
Although  the  states  are  maintained  at  the  origin  after  the 
initial  transients,  the  control  effort  required  is  greater  than 
that  of  the  Optimal  Controller  and,  as  expected,  the  periormance 
measure  is  greater  (see  Table  VII) . 

G.  THE  EFFECT  OF  INACCURATE  ESTIMATION  OF  WAVE  FORCE  (C.  SE  VI) 
The  response  of  the  ship  to  imperfect  estimates  of  w(t)  was 

investigated  for  the  case  where  only  the  estimates  of  the 
amplitudes  were  imperfect.   It  was  assumed  that  the  wavelength 
and  phase  were  known  exactly. 

The  Suboptimal  Controller  was  used  to  control  the  ship 
when  the  amplitude  of  w(t)  was  not  exactly  known.   The    ip  was 
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TABLE  VII 


PERFORMANCE  MEASURES 
tfi  =  0  sec,  tf  =  80  sec. 


Controller 

s 

R 

u 

* 

X 

w(t) 

J 

None 

I 

0.11 

1.65 

0° 

10 

— 

9.328477xl04 

Optimal 

I 

I 

1.00 

0° 

10 

Known 

8.5290623xl02 

(unconstrained) 

Optimal 

I 

0.51 

1.00 

0° 

10 

Known 

2 
6.5330823x10 

(unconstrained) 

Optimal 

I 

0.51 

1.00 

0° 

10 

Known 

6.5468393xl02 

(constrained) 

Constant-Gain 

I 

0.11 

1.65 

0° 

10 

Known 

3.5693990xl02 

(constrained) 

Optimal 

I 

0.11 

1.00 

0° 

10 

Known 

3.9204965x10 

(constrained) 

Suboptimal 

I 

0.11 

1.65 

0° 

10 

Known 

3.2483721xl02 

(constrained) 

Suboptimal 

I 

0.11 

1.65 

180° 

10 

Known 

3.9344051xl02 

(constrained) 

Suboptimal 

I 

0.11 

1.65 

0° 

10 

Underestimated 

3.3556745xl02 

(constrained) 

by  15  percent 

running  in  a  following  sea  of  wavelength  10  at  a  speed  of  1.65 
The  ship's  response  in  heave  and  pitch  are  shown  in  Figs.  39 
and  40  where  the  amplitude  of  w(t)  was  overestimated  and  under- 
estimated by  15  percent.   It  is  seen  that  the  estimate  error 
has  very  little  effect  on  the  performance  of  the  Suboptimal 
Controller. 
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VII.   PRELIMINARY  WORK  ON  WAVE  ESTIMATORS 

The  estimators  stated  below  are  possible  candidates  which 
can  provide  an  estimate  of  w(t)  required  for  the  operation  of 
both  the  Optimal  and  Suboptimal  Controllers. 

A.   AN  INPUT-SIGNAL  OBSERVER 

The  estimator  depicted  in  Fig.  41  consists  of  a  model  of 
the  plant  being  run  in  parallel  with  the  actual  plant.   The 
state  equation  of  the  model  is  given  by 

e(t)   =  Ae(t)+Bu(t)+G[x(t)-e(t)  ]  (7.1) 

and  the  state  equation  of  the  plant  is  given  by  Eq .  (3.9).   In 

writing  this  equation,  it  has  been  assumed  that  all  states  of 

the  system  are  measured.   If  the  difference  between  the  plant 
and  model  states  (x(t)-e(t))  is  called  a(t),  then 

a(t)   =  x(t)-e(t) 

=  A[x(t)-e(t)]-G[x(t)-e(t)  ]+Cw(t)       (7.2) 

=  [A-G]g(t)+Cw(t) 

The  solution  to  Eq.  (7.2)  is 

a(t)   =   e[^]ta(0)+/te[^](t-T)Cw(T)dT  (7.3) 

"0 

so  that  if  the  eigenvalues  of  G  are  chosen  such  that  e  -  - 

dies  out  quickly  as  t  increases,  then  a(t)  can  be  closely 

approximated  by 

t 
a(t)  -      /  <Mt-T)Cw(i)dT  7.4) 

0  ~ 


w(t) 


u(t)  z=^> 


Figure  41.   Input-Signal  Observer 
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where  <j>  is  the  state  transition  matrix  of  Eq.  (7.2).   Referring 
to  Eqs.  (5.1)  and  (5.2),  it  is  seen  that  Eq.  (7.4)  can  be 
rewritten  as 

0 


0(t)    =   /  $(t-T) 
0 


a.  cosa)T+a„smuT 


3,  cosajx+BpSincoT 


dx 


(7.5) 


The  coefficients  a.  ,  a?/  3-,  and  32  are  constants  and  can  be 
taken  outside  the  integral;  thus,  Eq.  (7.5)  can  be  rewritten  in 
the  form 


t  t 

a.(t)   =   a./  4>.  2  (t-i)  coswTdT+a?J  <J> .  „  (t-x)  sintoxdx 


t  t 

+  3-,/  4>-  a  (t-i)  cosooTdT+32J  <J>  •  4  (t-x)  sinwidx 


(7.6) 


(i=l, ... ,4) 

The  integrals  in  Eq.  (7.6)  can  be  precomputed  for  a  time 
interval  (0,t, )  and  stored  in  a  matrix  D(t,)  so  that  Eq.  (7.6) 
can  be  put  in  the  form 


a(t1) 


9(fcl) 


V 

a2 

h 

J32. 

(7.7) 


If  the  state  differences  are  now  sampled  and  stored  at  times 
t .  ,  i=l,  ...,  k,  then  an  estimate  of  the  coefficients  a..,  a_, 
6,  and  32  can  be  obtained  by  determining  the  minimum-mean- 
square  solution  of 
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a(t2) 

• 
• 

2(tk) 

= 

"D(t1)_ 
9(t2) 

• 
• 

D(tfc) 

V 

a2 
Bl 

.B2_ 

=     £ 

a2 

(7.8) 


given  by 


"ai" 

a2 

»1 

_$2. 

=  4) 


2^1* 
g(t2) 


o(tk) 


(7.9) 


where  £>   ft  is  the  pseudo-inverse  of  J). 

B.   FAST-FOURIER  TRANSFORM  ESTIMATION 

An  alternative  approach  is  to  Laplace  transform  Eq.  (7.2) 
to  give 


-1 
a(s)   =   s[sI-A+G]  o(0) 


-1 
+  [sI-A+G]   Cw(s) 


(7.10) 


If  w(t)  is  a  periodic  function,  then  the  spectrum  £(f)  will  be 


-1 


1(f)    =    [j2irfI-A+G]      CW(f) 


and   an  estimate   of  W(f)    can   be   determined  by 


(7.11) 


C'W(f)   =   [j27TfI-A+G]J(f)  (7.12) 

where  £ (f )  can  be  determined  by  taking  the  Fast-Fourier 
Transform  (FFT)  of  the  error  between  the  predicted  and  actual 
responses . 
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C.   STATE  OBSERVER  MODEL 

A  third  possibility  is  to  expand  the  state  equation  given 
by  Eq.  (3.9)  by  defining  four  additional  states.   The  matrix 
product 

0 


Cw(t)   = 


can  be  rewritten  as 


Cw(t)       = 


a,    coscot+a^sinoot 


a,    coscot+BpSincot 


0 

0 

0 

0 

coscot 

sinwt 

0 

0 

0 

0 

0 

0 

(7.13) 


a. 


a. 


coscot      sincot      $, 


(7.14) 


The  augmented  state  vector  is  now  defined  as 

z(t) 

2(t) 

6(t) 

e(t) 
ai 

0l„ 


(7.15) 


so  that  the  state  equation  becomes 
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x(t)  = 


o    • 

0 

0 

0 

A 

coscot 

sintot 

0 

0 

0 

0 

0 

0 

0 

0 

COSOJt 

sinw 

0 

0 

x(t)  + 


B 


u(t) 


(7.16) 


=  A' (t)x(t)+B'u(t) 


The  actual  physical  states  (x,(t)  through  x. (t))  are  measured 
The  observation  matrix  for  the  augmented  system  is 


H   =   [I   0] 


(7.17) 


If  an  observer,  similar  to  Fig.  41  but  with  eight  states  and 
an  observation  matrix  H,  is  now  run  in  parallel  with  the 
actual  plant  so  that  the  observer's  state  equation  is 


e(t)   =  A'  (t)e(t)+B'u(t)+G(t)  [He(t)-Hx(t)  ] 


(7.18) 


then  the  difference  between  the  observer  and  actual  state 
equations  can  be  written  as 

g(t)   =   [A'  (t)+G(t)H]a(t)  (7.19) 

By  choosing  G(t)  so  that  [A* (t) +G(t) H]  is  stable,  then  the 
states  of  the  observer,  e(t),  will  approach  the  states  x(t) 
and  the  error  a(t)  will  approach  zero.   The  states  e^t) 
through  e_ (t)  will  then  be  estimates  of  a,,  a«,  $,  and  32 
respectively. 

Utilizing  the  above  method,  an  example  can  be  given  for 
the  first-order  case  where 

x(t)   =   -ax  ( t) +acoscot       a>0 
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The  states  are  augmented  by  defining  x2  so  that 

x,(t)  .=   -ax,+(cos  t)x2 


or 


x2(t)   =   0 


x(t)   =  A(t)x(t) 

The  observer  state  equation  is 

e(t)   =  A(t)e(t)+G(t)H[e(t)-x(t)  ] 

where  the  observation  matrix  is 

H   =   [1    0] 

The  matrix 

-a+g,    coscot 

[A(t)+G(t)H]   = 

g2.      0 

must  now  be  tested  for  stability  which  can  be  accomplished  by 

defining  a  Lyapunov  function  [Ref.  8] 


V(t)  5  1/2  (ff*<t)+0*(t)) 


and  its  time  derivative 

V(t)   =   a1(t)a1(t)+a2(t)a2(t) 
For  this  example, 

V(t)   =   (-a+g1)a^(t)  +  (cosa)t)a1(t)a2(t)+g2a1(t)a2(t) 

2 

(-a+g1)a1(t)  +  (coso)t+g2)a1(t)a2(t) 

where  if  the  values  of  g,  and  g2  are  chosen  such  that 

91   <  a 

g0  =  -cosoot 


(7.20) 


(7.21) 
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then  Eq.  (7.20)  is  positive  definite  and  v(t)<0.   The  system 
is  therefore  stable  and  the  estimator  states  will  approach 
the  plant  states  as  t  approaches  infinity. 

If  this  approach  is  used,  additional  work  will  be  required 
to  ensure  that  G(t)  can  be  selected  so  that  [A ■ (t) +G (t) H]  is 
stable  for  the  ship. 
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VIII.-   CONCLUSIONS 

A.   THE  CONTROLLER 

The  easiest  controller  to  implement  is  the  Constant-Gain 
Controller  since,  as  previously  stated,  it  in  no  way  depends 
upon  any  knowledge  (past,  present  or  future)  of  the  wave 
forces  and  moments.   This  controller  would  also  be  the  least 
expensive  since  the  other  two  controllers  are  essentially  the 
Constant-Gain  Controller  with  additional  computed  control 
signals.   On  the  other  hand,  both  the  Optimal  Controller  and 
the  Suboptimal  Controller  would  be  more  expensive  and  complex 
than  the  Constant-Gain  Controller  but  would  maintain  the  state 
vector  closer  to  the  origin. 

The  complexity  of  realizing  the  command  signal  depends  on 
the  nature  of  the  wave  forces  and  how  they  are  estimated.   If 
w(t)  is  sinusoidal  in  form  and  is  estimated  directly  in  the 
time  domain,  v(t)  can  be  obtained  directly  for  the  Suboptimal 
Controller  whereas  the  Optimal  Controller  requires  either  on- 
line or  precomputed  solutions  of  Eq.  (4.25).   In  this  case, 
the  Suboptimal  Controller  is  considered  to  be  less  complex  and 
the  "best"  controller.   If,  however,  w(t)  is  some  general 
periodic  function  requiring  the  FFT  estimator  or  if  the  fre- 
quency domain  approach  is  used  for  the  single  sinusoidal  w(t), 
then  the  difference  in  complexity  between  the  Optimal  and  Sub- 
optimal  Controllers  is  negligible  and  the  choice  of  the  "best" 
controller  will  depend  upon  how  close  it  is  desired  to  r  \intain 
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the  state  vector  to  the  origin.   In  either  case,  the  estimator 
output  could  be  set  to  zero  (if  the  estimates  were  bad)  and 
both  controllers  would  reduce  to  the  Constant-Gain  Controller, 
resulting  in  still  satisfactory  performance. 

B.   RECOMMENDATIONS  FOR  FURTHER  STUDY 

The  assumptions  used  in  this  investigation  concerning  sea 
conditions,  control  surface  deflections  and  measurements  result 
in  the  recommendations  given  below. 

1 .  Sea  Conditions 

The  constant  height-to-wavelength  ratio  and  single- 
frequency  wave  used  in  this  investigation  is  not  indicative 
of  the  true  sea  condition  which  is  a  spectrum  of  different 
height-to-wavelength  ratios  and  frequencies  [Ref .  2] .   A  more 
realistic  model  for  sea  conditions  should  be  derived  and  the 
ship's  response  to  this  model  investigated. 

2 .  Control  Dynamics 

The  ship's  response  should  be  investigated  for  the 
case  where  the  dynamics  of  the  control  surface  actuation  sys- 
tem are  included.   This  investigation  assumed  an  instantaneous 
control  surface  deflection  capability. 

3.  Measurement  Noise 

The  ideal  case  of  zero  measurement  noise  was  assumed 
throughout  this  investigation.   Further  investigation  is  recom- 
mended to  include  realistic  measurement  noise. 

4 .  Wave  Estimator 

A  wave  estimator  should  be  investigated  for  incli  sion 

in  the  ship  model  and  the  response  determined  using  the   stimator 

and  measurement  noises  as  noted  above. 
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5.  Weighting  Matrices 

Further  investigation  is  recommended  in  the  determina- 
tion of  the  values  of  the  weighting  matrices  Q  and  R.   The 
possibility  of  exceeding  control  surface  or  structural  rates 
and  the  accompanying  effects  on  personnel  was  not  included 
in  this  investigation.   If  further  investigation  proves  this 
to  be  a  problem  area,  then  new  values  for  the  state  and  control 
weights  will  have  to  be  determined. 

6 .  Wave  Contouring 

The  inclusion  of  a  realistic  sea  condition  model  will 
change  the  point  where  upper-body  contact  with  the  wave  occurs, 
previously  stated  as  being  wavelengths  greater  than  14.   This 
point  of  contact  should  be  determined  and  a  controller  that 
would  allow  the  ship  to  follow  the  wave  contour  instead  of 
driving  through  the  wave  should  be  utilized  for  this  case. 
This  would  result  in  a  linear  tracking  problem  instead  of  the 
linear  regulator  approach  used  in  this  investigation. 
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.APPENDIX  A 


Here  it  is  shown  that  the  matrix  equality 


holds,  where 


B'v(t)   =   -C'w(t) 


B1   = 


b21    b22 


b41    b42 


(4.29) 


C21     C22 


C41     C42 


and  from  which  the  command  signal,  y(t),  can  be  obtained  as 

(4.30) 


v(t)   =   -B'"1C,w(t) 


The  matrix  product 


B'v(t)   = 


b21     b22 


b41     b42 


vx(t) 


v2(t) 


b21v1(t)+b22v2(t) 


b41v1(t)+b42v2(t) 


and 
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-C'w(t)   =   - 


c     c 

^21     22 


c     c 

^41    ^42 


w1(t) 


w2(t) 


C21Wl(t)+C22W2(t) 


C41Wl(t)+C42W2(t) 


Therefore,  since  it  is  given  by  Eq.  (4.27)  that 

b2lVl(t)+b22v2(t)   =   -(C^W^tJ+C^W^t)) 

and 


b41Vl (t) +b42V2 (t)   =   " (C41W1 (t) +C42W2 (t) ) 


which  can  be  written  as 


b21Vl(t)+b22V2(t) 


b41Vl(t)+b42V2(t) 


C21Wl(t)+C22W2(t) 


C41Wl(t)+C42W2(t) 


or, 


B'v(t)   =   -  C'w(t) 
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APPENDIX  B 

Here  it  is  shown  that  the  matrix  equality 

BG  =  -C 
holds,  which  reduces  the  system  equation  to 

x  =  [A+BF(t)  ]x(t)  , 


(4.33) 


(4.5) 


a  stable  system  whose  state  approaches  zero  as  t  approaches 
infinity,  when  the  suboptimal  controller  is  used. 

BG  =  B(-B'~1C' ) 

=  -BB'^C' 


21 


41 


22 


42 


0 
0 
0 

1 


42 


-b 


22 


-b 


41 


21 


(b21b42~b22b41> 


C21    C22 


'41 


'42 


C21    C22 


C41    C42 


'21 


41 


22 


42 


-C 


94 


CO 

_J 

*• 

< 

o 

«-» 

Z 

\~  • 

t- 

►-« 

a 

o 

^ 

O 

^LU 

W 

* 

3 

oo 

o 

t- 

00  2 

h~ 

LU 

►— 1 

HH< 

z 

oo 

o 

0£X 

LU 

3 

z 

2 

<o 

Z 

o 

►— < 

Q. 

LU 

»- 

_J 

< 

ZLU 

cC 

O 

JO 

Oa: 

O 

z 

LU 

< 

1 

o< 

z 

'  X 

2 

K- 

»— < 

LU 

1- 

1— 1 

Z_l 

1 

<2 

a: 

H<< 

o 

LU 

< 

oo 

a.h-2: 

2—1 

Z 

LU 

Ooo-- 

i 

Olu 

►— i 

rvj 

t- 

CD 

ZH 

-J  CD 

H 

i-i 

3 

300- 

~J 

Q_ 

oOOO 

i 

<Q 

«• 

oj 

z 

s: 

LU 

•"■» 

— ~ 

< 

o 

1 

Oh 

h- 

i— I 

r-l 

or 

o 

1 

t-OO 

< 

1 

n^ 

o 

oo 

t— 1 

X 

wLL 

00 

o 

o 

z 

UJ_J 

3 

1- 

LUO 

00 

cC 

z 

LU 

z 

•-* 

UU— « 

>-z 

O 

Q- 

< 

h- 
00 

r-l  00 

O 

z 

t-iLU 

AA 

cC 

< 

o_ 

D_ 

>- 

<*: 

UJ 

(-2 

II    II 

o 

i— i 

►-H       • 

00 

x< 

LU 

►— i 

X 

Xoo 

oo 

a. 

-Jh- 

OO 

< 

00 

00< 

LU 

o 

< 

IU< 

^^ 

oo 

< 
• — • 1 

A  II 
1 

< 

1 
1 

o 

ooo 

cc 

H 

c\j 

_l 

h"<t 

1 

O 

z 

LU 

LU 

V- 

LU< 

< 

H-lZ 

_J 

LU 

o 

CO 

Z 

OO 

a: 

z 

Z*-1 

O 

»• 

h- 

cc 

O.Z 

a 

< 

o 

o 

►-.LL. 

Ql 

o 

oo 

LU 

•    LUi-h 

o 

ZLU 

I — 1 

1 

\- 

LU 

>- 

z 

Z3 

X 

r-t 

oo 

1 

z 

00 

00 

CD 

COO 

LU 

LUh- 

w 

z 

r-l 

(\J 

ro 

<f 

fH 

C\J 

o 

3 

3 

3-1 

LU 

CD 

UJ 

00 

* 

* 

% 

% 

% 

% 

o 

_l 

OO 

O0_J 

a: 

Z 

00 

z 

cC 

00 

o 

t— i 

i-iO 

X 

zo 

z 

1— 1 

LU 

3 

3: 

3 

3 

2 

3 

o 

►—i 

cc 

z 

ZU_ 

H  . 

< 

3 

o 

1— 

O 

o 

O 

o 

O 

O 

z 

\~ 

LU 

UJ 

OoO 

a: 

1 

LU 

a: 

CC 

or 

cc 

or 

cc 

z 

z 

oo 

00  C£ 

LL 

CC 

z 

z 

I 

\ 

1 

1 

1 

1 

ar 

LU 

O 

O 

a 

OOLU 

LL 

o 

< 

1 

1 

l 

1 

1 

1 

o 

h- 

o 

< 

ZH 

O 

z 

cC 

X 

X 

X 

X 

X 

X 

00 

Q 

LU 

OLU 

< 

_J 

>- 

LL 

00< 

o 

QT  21 

a: 

00 

a. 

cc 

cc 

CC 

c£ 

cC 

cc 

o 

oo 

o 

IJJUJ 

r— 1 

< 

LU 

• 

t- 

h- 

h- 

H- 

h- 

\- 

CC 

hi 

o 

• 

— -CC 

CO 

o_ 

LU 

<: 

< 

< 

<t 

< 

< 

H- 

_l 

LLI 

<r< 

X 

_J 

CNJ< 

«er 

(— < 

z 

z 

z 

Z 

z 

Z 

^* 

z 

n 

a 

_i 

o 

_l 

«--cl 

■"1 

-r 

►— i 

o 

or 

>- 

Da: 

< 

z 

00 

i— 

o 

o 

o 

a 

a: 

ct: 

o 

h- 

h- 

>"LU 

LU 

OLU 

4L- 

t-X 

X 

\- 

21 

• 

o 

t 

00  h- 

f- 

< 

H-H- 

o 

o 

r-l 

►— 1 

1— 1 

C\J 

ro 

v* 

ca 

v0 

r*- 

CO 

o 

1— < 

r-t 

ZLU 

00 

UJ 

LLLL 

1 

n 

<r 

< 

z 

OO 

1 

z 

a;  a: 

X 

o 

00 

oo 

z 

Z>- 

o 

LL 

n  Li- 

a: 

DZ 

a: 

H-l 

ar 

UJ 

cC 

Z< 

< 

* 

Q.LU 

00 

LU 

►—i 

o 

■«" 

00 

3 

X 

xu. 

OOZ 

h- 

<r«-i 

< 

»-hO 

LU 

►— i 

y 

K 

IQ. 

X 

UJ 

LU 

<      ' 

H-oo 

h- 

<o 

O 

LU 

CC 

< 

CC 

O 

Z 

95 


o    o 

a    o 

o 

-j     _i 

LU 

LU        LU 

H-Q 

>        > 

<LU 

(XH- 

UJLUXX 

D< 

>>oo 

ha: 

<<t-l- 

<z> 

U.lli-1 t— !►— 1 

oOh- 

HD.Q. 

z 

z< 

1 

t- < 

X>o0 

t 

< 

00 

_iO 

AA 

z 

<  1 

II    II 

a 

2Ih- 

*— i 

n2T_J 

t-lr-l 

h- 

l-<I< 

1     + 

•— < 

ah-s: 

1 

Q 

OoOi— • 

r 

Z 

cdz:h- 

to 

o 

DDQ. 

_i 

o 

WOO 

o 

a: 

_j 

AAA 

H- 

< 

II   II   II 

z 

►— * 

O 

h- 

HOH 

o 

►— i 

1          + 

z 

a 

»— I 

, 

LU 

K- 

-J 

< 

•d 

on 

z 

x> 

o 

Y~ 

t— < 

< 

00 

00 

z 

LU 

OL 

s: 

o 

D 

o 

1 

LU 

Z 

H 

o 

< 

z 

aL 

Z> 

oo 

l— 

- 

< 

CL 

oo 

i— i 

z 

T 

Z> 

00 

r\j 


m 


< 

LU 

oo 
o     < 

Z<LU 
r_iLUoO 

:?oo 
a    a 

_J5T< 

_I_JLU 

o<x 

LLO< 

AAA 

II   II    II 

HOH 
I         + 


X 

I— 
o 


LU 

> 
< 


< 

LU 
O 
O 


< 

z 
o 

O0 

LU 


o 

I 

z 

D 

z 


in 


c\j 

I 
I 


oo 
Q 

< 

o 


< 


LU 

X 


o 

<    • 

OLT\ 

r-l 

<r  » 
h-  I 

<rr\i 
o 

00 

ZG 

< 

arO 
O 

LLOO 

< 
Q 

LUh- 

_j< 
_j^ 
<tal 
OO 
U- 
LU 
QiLU 

< 

oooo 

2DLU 
rXX 


(NJLU 
< 

ox 


oooooo^ooo 

OOOO'") 

vD  r«-  co  cr*  o  »-i  f\i  r  n  v.+  m 

v/^N-O^-l^vJ 

vOOOvOh-r^-r^r^-r-f^ 

h-h~COcOCO 

oooooooooo 

OOOO^ 

oooooooooo 

OOOOO 

oouuoooooa 

OOOOO 

iiiinnii 

urn 

OOoOOOOOuOOOOOoOOOoO 

O0  00  v0  O0  OO 

o  •* 

r-l  r-l 

w-LU 

r-l     •■ 

Q-rH 

2:0 

LU    •«       — «• 

K---I      <\l 

•-CQ             »• 

1—  ►    <\J 

OOr-l         — 

LU<        CL 

t-  ~    <r> 

••O)        - 

—  a:     «-■ 

■4-LL       <t- 

•-LU          • 

CM  12       C\| 

M      •-          w- 

H-S      H 

ffih       CO 

>— i<r      •• 

a:x     ~ 

►M       vt 

«-.      •-—JrH 

<r:s_J  - 

►h-   ••vO 

vh<rr-5r-l 

wl-)w 

as  *x 

•>  ».►— <o 

^H^< 

vj-— 3     »-    ». 

►  ^i^—  -» 

«tXZ<lTM 

0 

«-»- )   "t— 1   »• 

LU 

fX    ••— 1  —  f\l 

LU 

►rDar>-«— 

LLI 

a. 

— .-5H-q:»-' 

Q 

00 

>t  »-z:Lua: 

< 

^ 

*■+        -~*m.Ci   - 

51 

_J 

vO 

M      CM<— *Z    •■'"- 

< 

vO 

|           «_»     ►    — "CNJ 

LLI 

z 

r-l 

O       LLCNJI---4-    - 

CD 

0 

II 

»-s  t-— <r  ■— km 

t— 1 

o 

XI z)oo^--~< 

O 

00 

CD 

1  <r\i  »-^>-S 

h- 

z 

• 

<x  -O  -  ^0 

> 

LU 

Z 

w  SIv^LU— 1—   ••Q- 

00 

a' 

s: 

o 

«-—orjf;Lr>r-.i— 

2 

3 

r— 1 

t— 1 

aji— co  ►!— — r\i3 

— ) 

0 

O 

f0 

^r  -5   .—-.^r-    ^no 

iX 

■p- 

1 

LU 

_)      ••— Cvl^S"C\J      »Qr-H 

Z 

or 

<x-t  »•  -cc.^-^- r^ci. 

u 

— . 

O 

•>•}:• 

Ul~5    ^OvJCMClQ-OCNJ^ 

0 

<M 

z 

Q. 

IX    ••-4-^-LU       OLLCT>0 

in 

OO      3  — O    »"2    •>      mO 

a: 

■4" 

00 

JQr-"3<    .-(\JQ^_j_ <     • 

UJ 

rH> 

» 

o 

►-h             — .C.  >-iC\i<I -J-O 

ca 

^QlOOO 

a. 

H- ^OCO^TvJ    -00    ••^r-iOO 

"Z 

IODCOQ 

H- 1 

O^  1 — <• — '  -ir  (~ 1     •-rvl^JCMQ'      ••— 1 

0 

w«(_)    •    •    • 

X 

Ooo_J_J^rc\jcC'iu— .ujro  ii 

z 

ozooo 

O0 

LL  >- a.  < :?- —   ►^h-.I-  ii  o 

<  II  II  II  II 

00S!LuOC£C\I>-<CLX>-iLU 

0 

UJ^rDXh- 

a 

O    "WQTO    "<OCOLWCLO 

< 

CCZ~)~i~i 

< 

LUH-                   -&  *         -Jc 

LU 

LU 

Xa: 

a: 

.  I— 1 

Cf- 

LUO 

rH 

a 

"vs.                                     ->; 

-51  ir 

^^                                 -a 

*  #                          i 

i  it  ^ 

96 


oo  ooooooooooooooooooo  oooooooo  OOOOOOOOOO 

m<f  LTivor>-coO^Or-ir\iro<Mr\vntv-corT>,^r-({Mr<^  <t-irivOt^m<fmvO  romvtin.nf^cTT)0>o 

coco  oocooocococM^'Ooo^ONcnc>CTNONOooo  o  o  o  o  i-^  r-i  r-<  rH  romm^mf^mooH 

OO  O00000000000000>— I  r-l,— (i— t  r-l  r-l  r-l  ,-H  r-l  .—I  ,_|  r-l  r-IH'-IHrHr-lHr-tH^ 

OO  OOOOOOOOOOOOOOOOOOO  oooooooo  oooooooooo 

OC  OOOCGOQGOOOCiODOoaCO  OOOOCOOQ  oooooooooo 

XX  IIIIIHIIIIIIIIIHI  XXXXXXXX  IIHIIIIII 


r-i  o 

I  Q 

O  r-l 

h-  O  U- 

O  CT>  H 

f\J  (M  » 

•  •  h- 

+  I  o 

CM  <\l  (\Ic\jc\J  •• 

#  •«•  -ft  -Ji  •};  CM  «-"  LL. 

•N  tt  -ft  •};■■«•«•  H-       LL  r- 

I —  I —  I —  h-r-  » — • —  t — «-  I        I—    ► 

<r<<r  <<  <<<h-  i       »•(— 

r-      X  XXX  XX  X  XXX<  oO      V-Q 

r-<      ►-  DDD  DD  »-h  DDDI  OT      O   -<— 

<X       CC  4H4-  ■«■  -J!  ■«-  0£  ■«•■}?■■}(•  3  UJ         •••-«(— 

ID      (—  OOOr-i  OOr-i  h-  OOO*  y-       >—\—0 

3        <r  oooo  ooo  <r  oooo  uj     (—     •«■ 

-^     s  r-i(\Jr\jo>  ^(Njror-t  s:  >t<J"00  ^         ~-o  lt>     o 

-»o  rnvOsoa^  |  -g-vtcr^  vOr\jor\j  <     -*.ltio  i      o 

o<-h    <     oooo^mrotMOoooor^r-o  co        oo     cr<o^-(0  c^     oo  •        h-co  t 

OO  DDDDNO>O^HDDDDMininoj  r\IOO       CM  r-l  CO  <}-  <       OH^LL^Q    ihO 

OH  UJ  ••••••!■•••      »r-l      •••  UJ  •>     •      •  ••      *r-l  O.  r-(r-l^-l— t—     |     r-l      »•   II    O 

rH    ►       X       Or-lOO    I     t     I     I   OOOrH    •    i     I     I  X       HoOui   III*  <-*    »-\  II    II    II    M  '-tr—O 

►*0       H-         II    II    II    II    II    II    II    II    II    II    II    II    II    II    II    II  I—         II    II    II  7")  II    II    II    II  LU  ►vDLL— •  — »*~  —  II  hh    • 

in—  -*_,^ -»_,-.— ._^.-,^_.-.r^.-.^.  -5^^.^;^,^.^,^  5-       LT\^-|—  r-<c\|rOs}-  — <  —  O 

— lu     lu     r-ir\iro>i-^-((MrONj-»-icNjrn^-<-ic\jnvt  lu         -3 -3  ►-• --h  cnj  ,-h  cm  »-h     «—uj  11  —  —— — •     i-t  11 

Qr-       H-         •.»»»•.•>..•>•.•>•,»•>•.■.    ».000       h-       r-l   •   »-f—    »>•>•>»  (—       Oh-  p-h- 1—  I—  I—  r\ICV- 

<t_     3     .-ir-4H.^r\i<Nc\jc\jcorocnrri*t<l"vt  ^  11   11  11      3         nrnzMN't^  <h(/)S£S5:     s:»-" 

luc£     o.     ^«w~-*-»- .«--«--^,s^ —  ww w»-«-h-.-3_i     o_     o*-~-o — —'— ' w  Q     lu oi u ■  or  a:  a*: en  o lu  — ' 

o£3:      S!      <<<<<<<<<<<<<<<<^h-j_j      21      O  co  coo  CD  co  co  CD  <      errs  1—0-0-0.0-0.1—  >~ 

O  O  LU 

O  O  r-l  Or  (M 

r-l 

*  *  #  ■«  -K  *  «  tt  •)<> 

*  *  *  tf  -js  -k  it  -5;  •:: 


97 


ooo 

oooo"* 

oooo 

c\jmo 

ooooooo 

o 

moo 

© 

t-<r\lO 

O  •-*  r\l  rO  vj- 

LAsO^-00 

vOCOrA 

^lAvONOCK^O 

r*- 

h-CO^ 

r- 

r-i^-tC^ 

<t-<f>t<t-<f 

«*■<*<•$•  4" 

rH-4-Ln 

intnmmtnmvO 

r- 

r*-h-h- 

•— i 

r-*r-tr-i 

t-<i— lr— (r-Hr- 1 

.—ir-*.— ».— « 

r-lr- 1,— I 

r-4  r— 1 1— 1  f— <  f-H  r— 1  r-( 

r-l 

f-ti-H  — -4 

^ 

ooo 

ooooo 

oooo 

ooo 

ooooooo 

O 

OOO 

o 

OOO 

ooooo 

oooo 

ooo 

OOOOQOo 

O 

ooo 

o 

XXX 

xxxxx 

mi 

XXX 

IIIIIII 

X 

XXX 

X 

oooo  00 

OOOOoOOOoO 

00  00  OO  00 

00  00  00 

00  00  00  oo  oo  00  oo 

00 

OOOOOO 

oo 

*-* 

O 

t- 

X 

UJ 

O 

0 

r- 

z 

< 

» 

< 

or: 

a: 

D. 

0 

o 

H 

Z3 

< 

o 

O 

00 

LU 

»• 

or 

H 

UJ 

»— I 

O 

a: 

O0 

U_ 

UJ 

< 

UJ 

»• 

00 

o 

O 

00 

_J 

■*-■* 

— » 

00 

-.      X 

O 

O 

~<i- 

»-»CM 

t— 1 

X 

4-          M 

H 

CC 

^  •> 

f\l    ► 

►-< 

•»*-^    •- 

\~ 

-r-{ 

-r-i 

s: 

a: 

CNJ^O 

s: 

z 

r-l  II 

T~*    II 

UJ 

co 

H 

•»     fr— ) 

UJ 

0 

II   "J 

II    -0 

H- 

r-i 

< 

r\l(M  •• 

H- 

0 

2 

"J    ■" 

2 

"J      •* 

00 

2: 

►  -> 

00 

O 

••*-» 

o 

•-»-. 

> 

o 

\--?CC 

> 

U.I 

oi 

OT 

oo 

_J 

:*: 

f\j 

CD   »-iu 

►nao 

00 

X 

>- 

••1 — i 

>- 

•■i— i 

_J 

oro 

H- 

► 

or  ••  «-u_ 

_) 

_i 

X 

CD 

►— i^» 

co 

i — i^-* 

o 

l-O 

z 

<t- 

»-l->- -J 

O 

a: 

h- 

h-o 

• — 1 

w-O 

—a: 

ar 

-z. 

< 

•*. 

—  H-C3    »X 

a: 

h- 

O 

<!-< 

- ' 

O 

3 

o— 

2 

or  — 

h- 

*:-. 

1— 

I—l 

1— 1  co  •— 1  j—  >— < 

1— 

5" 

*^- 

O0       » 

h- 

O 

o 

w- 

n 

«_» 

y 

^o 

00 

CD  (Y    +Ct'.  SI 

y 

V 

vf  0 

■i! 

r-- 

— . 

or 

— » 

— 

a: 

.-% 

o 

»'~" 

2: 

•» 

"t—i    -c£— - 

O 

Ol 

•.— » 

O 

O 

o 

O 

X 

*-»r-l 
0--H 

o 

7— 1 

N 

X 

-»un 

C\JO 

(\lr-»C\) 

o 

-— Oin 

CMLUO 

in  »o 

0 
0 

cQcx:a:cacLO 

O 

r.  j 

O 

—•com 

in— »nJ- 

5 

0> 

• 

i-I 

or 

z>oocoro 

"U_ 

in 

a: 

• 

i—l 

ol 

••(MrH 

r— 1 

CL 

•*.— <_( 

UJ 

>t— i<-i 

UJ 

<; 

Za;a.uH 

O 

4" 

UJ 

>4-_li-4 

U 

O 

II  UJ 

•» 

h- 

r-l,-!     »-UJ 

•- 

h- 

>— IH    ••UJ 

X 

r-\QC     »• 

X 

Oil 

MaD_a  •• 

1—1 

X 

r-4K     •• 

X 

II 

—  Os0 

< 

II     ►vJOO 

< 

II     *sOO 

1— 

•"1 —  vO 

H- 

k-q:s:s:x<3 

UJ 

*> 

H 

►  h-O 

h- 

•-» 

>-<Z 

w» 

S 

t-'in—z 

— 

5: 

Min-z 

UJ 

mz- 

ooooo— 

D_ 

in 

UJ 

tnz  — 

1— 1 

w>-< 

UJ 

«— uj1-1 

UJ 

—  UJr-i 

X 

«—^UJ 

UJ 

UJ 

> 

Smt 

X 

—  vTijj 

UJ 

► 

>h-H- 

o 

moi~r- 

h> 

Dl 

vfDr-h 

Jk 

QZh 

H 

— 1  — 1 i — 1  — 1 1 — •  >t 

h- 

O 

3 

Owl— 

H 

1— t 

QiZ 

i— t 

<t«2 

i — i 

<h2 

<WHH 

0 

_i 

1 1  — t 1  • — •  11 

<r 

<     —> 

O 

^* 

ujO 

cd 

o 

Oujc-Oci: 

Q 

OLUQ^O 

o 

ujilo: 

a. 

< 

<<<<<X'_J 

O 

tu 

O 

lull  a: 

Q 

O. 

002 

< 

ODC3US 

<T 

D^SO 

< 

0£t~>^Z 

2: 

OUUL 

< 

or 

< 

a,.t~4,Zz 

^•" 

O 

UJ 

UJ 

UJ 

0 

UJ 

UJ 

O 

C\J 

a: 

ro 

(X 

-J- 

a: 

0 

or 

a' 

CO 

O 

# 

#  ■»: 

tt  *  *i 

•M  ■«  * 

**  tf 

X  *  -tt 

ft  #  •« 

•::  *  # 

* 

■*  * 

■K  #  -)! 

*  -1!  X 

tt-K-  •>( 

•Jt-r  •« 

•«■  -Jr  4( 

•)*     •(■  -is 

98 


ooooooooooooooooo^oooonooooooo 
^^^^cNj(Nj(\J(\jrvj.^cNjogr^r^(^(^cocorooo<^iriLnLOCo<)v0^oOsO^OvO 

000000000000000000000000000000 

oooooooocoooooooogdoooooodcjOoo 
iiiiiihiiiiiiiiiiiiiiiiiiiiii 

oO  oO 1/)  00  i/)  on  oo  oo  oO  L/0  00  oO  oO  oO  oO  oo  oO  oo  oo  oO  oo  oo  oO  oo  oo  oo  oo  oo  OO  oO 


OOOOOOvf 

oo 

CO  O  O  — <  f\|  rn  ro 

v*-m 

OvONM^r-N 

r*-r>- 

1— <!— t 

ooooooo 

OO 

OQODOOQ 

oo 

IIIIIII 

IX 

00  00  OO  00  OO  00  00 

oouo 

00 

O 

V- 
(—1 

o 

z: 
o 


o 

X 

_J 

ts 

• 

< 

Z 

►— « 

—. 

LU 

K 

■* 

-J 

t— < 

•» 

«^ 

LU 

2 

r-4 

co 

> 

*»^ 

»— i 

II 

vO 

< 

CO 

(-H 

•>*• 

o 

2 

•• 

_J 

»-*.      •* 

i-H 

I— t 

CVJ 

r\j 

< 

-t  — 

■i 

t-4 

z: 

•• 

O  1  — 

z 

*-t-H 

vO 

< 

CN4 

II   II  TL 

o 

r~f~- 

«-• 

o 

LU 

► 

SS   ► 

»— 1 

II    > 

Ul 

h- 

O 

s: 

CM 

00 

►-H^^ 

h- 

o 

o 

«-- ^o 

z 

r-    ^ 

t— ^ 

o 

— »   •• 

o<~>  •• 

LU 

—  1- 

ar 

o 

_l 

f-HrH 

«a 

OOfNJ 

O 

2! 

*-< 

3 

< 

< 

I   I  o 

O-O 

0^<Mjj 

O 

M 

^"X 

^ 

Ii!  — 

z 

CQCj 

CO    ••            — 

•  •  ► 

• 

o 

>o 

--^ 

6 

ooo 

n 

mr\iin 

em. 

->—               -5 

oocnj 

vO 

1 

«_- 

o 

i— i 

mO 

>— « 

oo-o 

~5 

O-CL                •■            -^ 

— » 

•     «CO 

>N 

— ■» 

Z 

^-» 

• 

h- 

• 

00 

inrnco 

•* 

coco         i-h         o 

Is- 

h-h-    * 

o 

o 

O 

—  o 

a 

►— < 

— »o 

z 

•  »r\i 

^ 

w>_                 ^^                 vO 

vO 

_J_ICM 

a 

in 

2 

Oin 

LU 

Q 

»— 1    « 

LU 

OO    «<\j 

(NJ  — 

>0(M(ms:        vt 

>a- 

•    •<       »-iLLHvQ    • 

r\i 

OcO 

• 

Z 

ino 

s: 

1  io» 

*CO 

2:cx:  »•  »-o     hhi 

^.-t 

~-v-HH-HQ 

t-i— t 

.— t 

00 

CJr-lOO 

_J 

o 

vi-LU 

i— < 

II       II       II     r-l 

^»  II 

UJMQ.HH    |    LUCXI    +< 

M    ► 

t-Hr-tl—  r\J    II     II     II 

r-«    II    LU 

* 

• 

H»DO 

Di 

o 

r-»       « 

o 

—»—»—•    II 

II  -^ 

OC^S     II      II      II    — )r-|vOrHvO 

••     •'00r-<— »•—»—» 

II  —  ZOO 

o_ 

••nD      •      • 

1— 

».<t 

i 

C\Jr-t<\|t-H 

-5"> 

^oo^.-7—z:     >- 

«— 

r-tr-t  OJ          i— IC\J(fV 

hh2 

M 

►— < 

m-'OO 

z 

<r 

inuj 

z: 

••    ••     t«        »— 

1        •" 

»-h                        -JMOlilCLU 

— _     o— «-"- 

*—»►—« 

LU 

X 

—  LU  II    II 

^ 

LU 

—  UO 

a 

r-trslcMsO-i:- 

\Q>— i 

i —  — i i  f —  r —  ►H-H-i— i-i— 

CtTc£  _JI—  l—l—  1—  LA>|—  (— 

oo 

Dh-x-OoZ 

00 

Q^ 

z 

— — —     r\ 

1    — 

S-J-J           y->Z.      «-< 

•— <c\j— *>-«_j      5££3E 

alZ. 

M 

<Tt-<tnvO  ii 

II  «— 

<  — 

anao  ii  oa-o<<oo—ooa_i 

Da:  iiLLi_L<Oa:a:a:OLUOa: 

o 

luq:~-— i-i 

~JLL 

Q 

1JJLL 

o 

UOUD^OOUOOQDOUOS1 

JS2;MMOOQ.Q.aQOU 

li 

< 

a:  _<:>->  •-< 

->M 

< 

Qi»— i 

< 

LU 

LU 

LU 

<>                 r-     cr> 

o 

r-4 

CM 

in 

CC 

t-H 

a: 

a: 

*  n  * 

i(     * 

■) 

i  vi   # 

# 

:  #* 

•)< 

:    «    -)t 

t  ■>;  ^ 

99 


o 

o 

v/5 

st 

h" 

00 

r-l 

i— t 

o 

o 

o 

o 

X 

X 

00 

oo 

oooooooooooooooooooooooooooooo 
msnr-OTo^OHr\j^^mvQr-:oc>oHrvjrOvfti-NvOr--r>oo--icMro-4- 

cocooorosaiooovo,ov(T'0,ovo^ooo',^oo0oori'-<H'-<i-ii-i 

oooooooooooooooooooooooooooooo 

ODOOOOOOOCOOCOOOOODCOOOOQOOQOO 
IIIIIIIIIIIIIIIIIIIIIIIIIHIII 
OO  00  OO  00  00 1/5 1/)  00  I/)  I/)  O0  OO  OO  00  00  OO  OO  l/)  OO  00  OO  OO  OO  OO  00  OO  l/J  00  00 1/) 

•i;-  st-            -it-  •)(  « 

■k-           h-  i»»           Is-  #■  co  r- 

■K  J>      rO-K      ■){■   I  4J-   I                I  cm  I  | 

CMh-       I  co      r\|Q  CMO  «D  ID  -ft       •»:-  O 

I    |        O  I         |  CO  |  sj"  CMO  OH  St  Is-      r\|CM 

DO        HO        0-4-        OrO  |   O        CNJvO        CM    I  |    IT\ 

roo  r-ivO  <Oro  i-^ro  Din  <\jr—      |  o  o^t 

— .  Mr*  coo  -to  or-  ho  cnj^-  or-  r-ico 

o  ocr  r->j*  i-ico  oo  coin  oco  vo-t  oco 

uj  oin  coo  om  in>t  c\ir-  r-in  cmco  oo 

o  ho  coo  co  •  *0  «  nO»  «-i  •  in  in  o  • 

>v  mm  »h  ino  -4"o  r-o  «o  or-  oo 

.-.  .  •  o  •  .  i  •+  r-  +  o  i  coin  o  + 

oo  oo  +  o  om  oin  »tn  +  in  oo  •  »m 

o_  I  +  <M|  +  ft  |  -a-  o-ft  cm*        »o  o^ 

w  (\jLn  ->.<-m  cM-jf  cm*  I  *  **  O  |  |  -ft 

00       #  -ft        -ft  ir        ■*(•  H-       -ft  h-  CNJI —       ■}(.(—        +IT\       (MH- 

-»  O       *• -*        f— it        -ft  <        *<  -M- <       I— <t       CMft         -U   < 

2  oi-h-<ri—  I— Xt— X  -M-  X  <r  X  -u-  -ft  ^  X 
J-                                   O      <<      X<      <-i      <t-J           K-—I      X_J      -tt  I-       H_J 

<  «■  XX  jl  X3  12  <2  _J2  h-<  <2 
X                                   H-      _I_J      2_J      — ( -Jt-       _J-ft  X-ft       2-ft       <X      X-ft 

s:  <t     23    •«  2     sin    2in        jm    -j;  >o     x_j     _j>t 

—  X      #  ft-      -h^      #   I       -it-   I  2  |       r-t  |       J2      2  | 
_j    r-tin      i  >o    i-to     ho        •«■  o      i  a     2-ft     ft  o 

oo  s  i   I  c  l  i  rn  i  r-t  hn  ocm  -ft  in  o  r- 

h-  s  do  vt-o  oro  oo  I  o  coco  o  I  or- 

z:  \-  o-4-  cOr-i  vOvo  r-vd-  o-t  4-0  oo  coo 

uj  <  coro  Hro  inn  ho  <}-ro  -OnO  -to  f^-c\j 

Ti  X  co«d-  »4"r<~)  com  vj-tn  hO  rOvO  cO(7>  coo 

O  3  — <CT>  ^Oro  cOnJ-  0-4-  Oco  r-o  >-i>£)  Oh 

s;  ■»<-  oro  >-ii  n0»  ir\«  i-h«  <m»  cnJso  o  • 

h-i  men  »o  r-o  mo  a>o  »o  •-<  •  <— <o 

o  o.  •  •  o+  •+  •  i  •  i  o+       »o  •  I 

Z        •  -Jf-       OO        1  <j-      0^4-      O-t  O-t        |  vJ-      0+       O-t 

<  O       +1        h#         U        +•«  +  ft       H- i-         I  -J"       +  ■><? 
O       t— vt       <•!(-        h--i{-        »-■«■             I— •«•        -tf-lt        h~*        K-H- 

—  •    <nt      xi—     <ti—     <*—        <j-     xi—     <-ji-     <h- 

3  CvJ  X-«-  _J<  X<  X<  X<  _l<  IH  X< 
I-  I  HJH   2X   _)X   JI    JI   2X   _j<   _jX 

<  .  -»02<  ;:  _J  -S_J  2—1  2_J  -^-_J  2X  t:_J 
X  K---H;  X  03  -5(3  -U- 2  -Si- 3  03  !t- — I  )t  2 
i^l  <  O-J  O^'-  Ot  Oil  Ott  O-Jf  02  OW 
<—  XO03  rsj»t  Oro  Oro  cro  &<t  o-Jl  Oro 

il — cnj^  in  |  <>■  \  co  I  O  I  m  I  ^0ro  <T  I 

00  3coo~>sooLnONt-o  r-o  cnjo  (\ii  coo 

uj  o  v^oo  I  r-ro  ^oco  co<J-  cnJvO  r\iro  f^-O  mm 

o  i-h  i—  mo^q  >j-r-  r-ro  <r>t  ror-  r\jr-  r-n^o  r^m 

1—     ai  — t  <o_     oco  r-»r-  om  r-^o  mm  r\is0  r-v0  a^a 

<  O  ••  Xi:  "Nh  »nJ-  m>4-  rvj^  <fco  »s0  Or\i  -^-vf 
x  u_  o  joo  »ro  om  tr-i  #o  •«j-  or-  •cm  •cm 
_j  r-t  3000(M  +  r\j  0(NJ  or\J  Oro  +m  Oro  o*J- 
3      UJ  ,-1  .,_(  1     •  r^    •  4-    •  I*  1     •  o    •  +    •  I     • 

>  •«                      -^(MtOO       OO       OO       OO            OO       OO       OO       OO 

^-      <  O                      O-HG+       co  I        Ol        Q+            0+       -4-1        Ol        C.+ 

h     2  o  <          r-t—   •  O  ro  O  co  ro  >o  r-  rO  -»0  co  (O  vo     mrOvOiMto^OrOolOmo'ivO 

v0  t-t  uj         vj-oiH-rvJ  it- *  o*  *- .-h  *■■>;- in  *- -i;      o  -it  ^  m  it  -a  >fr  •};•  -,t  (r^  •>:  -Jv 

v^    uj  00        rHOo^*  »t  o-}'.  ■«•  —I-;:  :;•  r-j,!  •);  oo-n  *  r--w  -Ji  ^-^  -Jt-  *-i5\  *  o 

•-1      X      «-•  O    ^00    «COH-h- mh-  h-  CT>  f— I— CO  I— I—  (M-0h- 1—  OH-  h-  rOh-l—  vol—  I—  <NJ 

•-     I—      <      O      DvDQHO<<o"i<r<Trf)<<co<<i-irg<<i^<<pi<<vo<1<fH 
m  uj     z      .— n<isj-xx  iii  «xxroxx     oxx  »xx  »xxr-xx 

w      UJ      00      i-h       OujOX    •_ l_)0_J_J^-»_J_J    UJO    •_J_JO_J_l(M— l_l    iJjO 
O      t-       IH       3        II  K-C£3022  I  32  I   22022H-022  I  22  I  22032h- 

<  3      —      O       H-H-.LL  —  II  II  II  II  II  II  II  II 

UJ       C       LL       _J       OOctUJU.— *  r~(  r—(  •— I  O  •-•  r-l  rH  ^H  O 

C£       5"       1-1       _l       0_22>-><  00  O  UJ  0<  CD  Q  UJ  O 

00  *■  #     •;«•  -5r      i.-  ■«-     t  #         *  *      -if  ■};      *  •*(      •>;■  ■«- 

O  U.       O  H 

o  o 

i;-  -jt  •:;     ^  ■«-  -jr 
•)f  -il  #      ■»{  ^.  -it 


Ooooooo 

m  >o  r-  co  r>  0  ^-1 

•-<  r- 1  r- 1  •— 1  — 1  (*■  J  C\J 

(N  CM  CM  "NJ  (M  r\J  r\J 

0000000 

0000000 

xxxxxxx 

00  00  00  00  00  00  00 

-It 

vO 

K     1 

(MO 

1  CO 

Ovt 

stO 

— . 

CMO 

O 

r-o 

UJ 

vOr-l 

0 

-O      « 

^ 

r-o 

*— 4 

•  + 

00 

om 

a. 

I  *t 

w» 

CM^t 

00 

•it-l- 

0 

«  < 

0 

l-X 

0 

•d-J 

# 

12 

1- 

-J  St 

<t 

3m 

X 

#  1 

_j 

HO 

2 

i  O 

*s 

oco 

h- 

CslfH 

< 

r-ro 

X 

rHQO 

3 

COO 

■X 

0  • 

»— 1 

r-o 

Q. 

•  1 

■Jt 

Ovt- 

O 

+  4r 

O 

t— -if 

• 

<H- 

CM 

1   1 

X< 
-f_)X 

• 

«^i 

H   :_J 

h-. 

-H-;;  2 

< 

O-Jt- 

xooro 

_ii 

-;0  1 

3 

r-o 

SO- IsO 

1 —  • — •  < 

L5  4r- 

<Ou 

-OvO 

X*  • 

—  rom 

JOG    »CO 

3DDO«i 

•  1— <  1     • 

-^rM 

*  00 

m— 1 

--■-1  + 

r-h- 

,,-rOvO 

O  -4-  ex  1—  0  •«-  ^ 

Or-lO_D-Jif-)t- 

•    t»0O 

t  MK-I- 

< 

00  c  1 

—  J)<<I 

UJ 

CO.-  II  . 

<.mli 

00 

r-tUJOl     •_!_! 

II  (-CX0022 

0 

hhO.. 

—  11 

< 

00  or  u.'  u_  r-t 

UJ 

D_22i 

-.< 

X 

■a-  a 

< 

0 

r-t 

•X  -Jt  -). 

•K  -ft  -) 

! 

100 


oooo 

00 

m-or-co 

00 

tnmmm 

mvO 

<m<m(M(m 

c\j(M 

OO^o 

00 

OOOO 

OO 

IIII 

XX 

OOOOOOoO 

00  00 

oooooooooo^oooooooooooo  0000000000 

cvJ(^N±invOfs-coc>Or-irvjro<t-u^or^-coa<<~>'-<r\jrONt  in  *o  r*- co  o>- o  — «<\iro-^ 

r\Jc\jr\j(Njr\j(\J(Nr^rnrororornrororOf^>rn<)-^-^  vf<f  vj-vi-^sj-NtmininLrMn 

(\JrMr^c\jr^r^rvj(xjrNjrMr\j(MrMCNJrvjcNjrsj(Nj(\ir\i(Nj(Xlc\i  (m(MC\J(\j(M(M(M(Mcm(M 

000 000000 00 000 000 000 000  ooooooooqo 

OO OOOOOO OOO OOO OOOOOQO OO      OOOOOOOOOO 

iiiniiiiiriiiiiiiiini  iniiiini 

l/)0000o0  00o0o0  00o00000o00000o0  00o0  00  00o0  00o0  00  OOOOOOOOoOoOOOoOOOOO 

■H--H-  -it                      *  K  -It 

moo  -H-     *  i*-                   -tt  co  r-  r- 

II  r-     cm  1  #     (M  1  I  1 

00  110  vO      1  o  o  o 

lOO         *   O         O-- 1  #      I  OrO         #  r-l         *  rH 

ITO       (\J(\|       CMCO  rHQ       OvO       CMvO       cmco 

r-4in  I  o  o<r  imcoo  1  r-  I  r-t 

it»n0  DO1  coO>  o.-t     ram  Or-t  00s 

vt^n  com  r-rn  cor\i    r-o  !—»•—♦  csja> 

cvjvt  r>"-<  cmcm  <NrO     cm-j-  r\i^  »— «r\i 

•  •        O     •        CM     •  Is-"— I       r- 1     •        CJN     t        r>-     • 

OO     roO       »0         Is-   •       iO     cmo     inO 

|+  CO+  Ol  OO  0+  ^)+  rH  + 

(Min       »in     +  in        t-i  +      1  in       «in         in 
tt#      o*     cm*  tin     (\i^(.     o*-       •  # 

fc  ■*      I  *     *  •);-        o  *     *  *      1  *     o  * 

I— I—      C\JH      +,  I—  I    K       *  I—      (Ml—        1  1— 

<<       «<       h-<  (Ml—       h- <       W<       CM< 

xx     -w- x     <x        ■*  <    <ri     -i:  x     -k  x  co 

_I-J      I--J      X_J  -5!- X      X_l      |-_l      * -J  iu  C£ 

23      <2      J2  1 (     J2      <2      1-3:  00  O 

**      I*      2-K  <2      2*       X*      <•;;  Z  U- 

rvj^o     — Jin     #  in        1  ;t     ■)(  o     _im     xm  O     — . 

II         3   1         -"HI  -J-t       -H    I         2    |         _J   |  CL        X  O 

00     a  a      10        3:  I       1  o     •}{- o     30  w     d  lu 

f^-O       .-l^f       O^  *Q       Ov*"       r-l>t       #<-«  LU       <  _i 

nJ-O       1  vO     cm<-«         oco     000       I  in     c\jcr>  cc       -  _J 

CMO        O-t        (Ml*-  Or-t       v04"        OvO  10  O-  < 

cxiin     vQ03     r\i-o        m<M     <4-r-     oro     oro  00  i—  o 

r-io^     inf-t     oin         oro     roco     oco     >j->o  -  ID 

•m     incM     u>cm        in-H     01s-     co^J-     in(M  ■                                         o_  O  00 

o»co»c\i«r-i»r-i»cr>«o»  •— 1  *  •— ' 

+  0      (MO        «0  HO        »0      >tO      rOO  x      h- 

1-  1      in  1      0+  ♦  1      o  1      01      cm  1 

<-4-  t<t"  I  >t  osf  +  4"  »nJ-  «*t 

I*  OJi  H*  +  ■#  I-*  O*  o* 

_j*  +  &  <•);  I— -M-  <•»!■  +■«-  + -Jc 

31-  H-H-  XI-  <H  XI-  l-H-  h-l- 

-!{•<  <<  -J<  X<  _l<  <<  << 

CMX  XX  31  _IX  3X  XX  XX 

l_J  -J-J  4f_J  "5_J  -5(-_l  _)_J  _)_l 

Q3  22  O2  S3  H3  22  22 

r-H*-      •!;•>(•     Oii  o-y-       I  -}i      -5t  ■«•      ■»;  k 

€>•&     Oro     mm         oro     o^     om     o>t 
0>|      01      rol  cmi      cmi      01      01 

(MO      (MO      OO  COO      COO      r-iO      mo 

soro  oin  <fr~  rvjr*-  <~>sr  oco  cmco 

vO^o  CT»m  cmco  r-tco  vj-o  r— co  mrM 

•  cr>  (M(M  (Mro  rOO  voco  voco  r-tco 

o-t  <t-o  «>t  ino^  on(M  r— 1>  — i*t                                                        »-<      «-_j  •■        1—0 

+  •4-  -4---«  00  »cm  »h-  r»-m       »in 

t-H— (  •.-<        +  rH  OLn       0<f  t(M       oco 

i«o»o»i«i»o»4.»  Luri'  n 


o 


00      1  o    00        00    00      i  o     00  —                                  5:     a.— — *        l      o 

(M  +       O  +       (M  I            O+O+O+O+  O 

O^mvoornvOfMrovo     vO  rn  vQ  ^  m  0  o  en  o  >j- (<">  vO  0° 

>o;;-  -ji  vO-k  #  co*  *     m*  •«•  ^ ■«•)(■  in ■«  -ji  so -Ji-  •}{■  vt                            o 

r — -jt-  •,(-  m ^  -a  rH*  *  o  —■■>:•  •!<  r-c-jf  •;(  so-;;  #  Is-*  ^  o  r-i                           o 

<J-|— i— in»— 1— mi— 1— cM-<}-i— l— mi— l— r-tH-i— mi— l— (M  ►                               • 

in<t<Nr-<<in<<i^i^H<<iLf',<r<r-i<r<-4-<<r-i  0000000000 

•  IlOll    ill      MIhIICOIi    »Xl  <      wOOOOOOOOII 

0_J_l    •_J_JO_J_JO    ._l_l    «_J_J    ijJOJJD  LU      ill    ••••«•    i    «0      LU            LUUJs^                 5^0 

I  --C2.-I23   I  22h0230T:2H53  I  221—  00      hOOOOOoOoa: 

II  II             II                   II              II              II              II  •-•  II    II    II    II    II    II    II    II  U.      3       — I • — •  • — •  I f        CC      —II 

t— I                 f-H                 r-4                 0<— t                 — I                 H                 r- «                 O  2!          C)^r-I<— tr-lrH(M(M(M(MUJ 

CO             O             LU             0<             CD             O             LU             O  — I       2<COOUJ<COQLU2 

■m  *      -H-  ■»(•     «  #         *  -5t      *  *     **■«•*  < 

r-<  O        C> 

■-I  t-4 

r-<  H 

■h-  *  •*; 

•>,!  *  tt 


00 

o 

Z 

LL 

3 

LU 

•• 

a: 

X 

LL. 

H 

_l 

CC 

X 

LU 

LL 

HH 

X 

O 

»• 

h- 

-JD 

o 

00 

r- 

2 

LU 

> 

<t 

t—t 

or 

H 

CC 

LU 

-5 

LL 

o 

O 

»• 

>— < 

\r- 

»- 

o 

oo 

>-LL-5 

<Z 

►-H 

»•. 

_l  •- 

h- 

X 

1- 

IX 

«ri 

_-} 

! 

LU 

r»? 

5" 

Q.' 

— .— . 

L 

1— I 

>»- 

oin 

1- 

i 

oco 

OC0-J- 

*~ 

LU 

O' 

- — it — i 

X 

a. 

•>  •» 

CY 

h- 

X>OvOr-t 

C. 

O' 

— —  1 

LL 

LU 

1 

XILUb^ 

h- 

_JI 

r-h-2: 

z 

O 

«jl 

—**-<  II 

QC 

o_ 

< 

x'a:^: 

o 

s: 

o 

332f 

h- 

o 

LU 

o 

o 
rg 

r— t 

a: 

■)i  -ii  * 

*■ 

J,i  *  * 

• 

N  ->:  * 

101 


ooooo^ooooooooooooooo 

OOOOOOmoOOOOHMfOstOO 

-~4rvjro^m^Oh-oooo>-<f\JfO^-Lnof^a30>Or-i 

c^JrO<t-LnsOr,~-rN-coO^O^-(f\Jr\)(M'Mojro<*' 

vOsO^-OOvOv0^vOr^r^r^r--f^r^r^^-t^r^coeooococoaDcoa)cocoo^o^(^ 

r\Jc\j(NJc\Jc\jc^(NjcNjcvJr\|C^r\)c\jr\jc\jc\jc\Jr\j(\JC\^ 

OOOOOOOOOOOOOOOOOoOOoOOOOOOOO<~>OC 

0000000 

OOOOOOOOOCOoOODOCjOOOOOOOOQOOOODOLiaOOQoO 

IIIIIIIIIIIIIIIIIIIIIIIIHIIIIIIIIIIIII 

O0o000o00000<^o000o000o00000</)00l/)000000o000o00000o000o00000o000o0o000i/-)i/)00t/) 

00 

••        •« 

s  •> 

• 

^ 

•• 

••00 

0 

O         •• 

in 

^  • 

i-H 

UJ      v. 

m 

••yQ     — 

Q 

UJ       ► 

^      H- 

»     r-l- 

•» 

Q.      CO 

w                     •* 

•. 

IO 

• 

00    »•    t 

1    s 

in 

I    *-H 

II 

•« 

1      ► 
1    - 

1- 

1         h- 

H- 

HhD 

h- 

1    < 

•• 

III  Q 

•z. 

X    •-  •- 

— 

ro 

H-»uj 

^ 

1     — 

UJ 

00  v.- 

•* 

i— 

1-  00 

»» 

IH-n 

ST 

-    ».ll 

r^- 

•- 

1    1 

• 

10  ct: 

UJ 

►v. 

m 

» 

-      IO 

< 

H 

a: 

0  ».- 

i— 

+ 

►   tz 

UJ 

—     IXZJ 

0 

•vf-co  ► 

•» 

» 

h-    1— t 

00 

-     0— 

z 

h-   »<t- 

m 

•• 

fO-  s 

5:   1   — 

t— 1 

+OlT\ 

+ 

^ 

h-  -o 

Q 

_i    ixu_ 

V.r-»(— 

• 

^ 

»-r-— 1 

< 

<    l— 1- 

UJ 

•0  •• 

•• 

» 

-  m-J 

UJ 

O    H»  ► 

2: 

•         Mi 

V. 

z 

+  HO 

X 

lu.o 

»— < 

...  x 

* 

•— i 

m       ►U- 

<r 

>--  f-i- 

K 

II  0 

• 

< 

»>■§ 

_J        *•       »«Ni-*^ 

• 

00     h- 

_l 

0 

^  +  -* 

— » 

h-coo_joo 

•^ 

•■» 

Z>  i-( 

< 

•.*    i-l 

r-^ 

omh-<r   • 

^ 

O 

O  -a. 

2: 

\- 

•       fw 

«-» 

lui— ~-»a:o 

•» 

(\l 

1— 1  «^"» 

t— 1 

z 

_J«V- 

» 

LL  »jOh 

\ 

»—  — • 

I—  in  •• 

h- 

< 

<r  ►  •> 

•* 

Cf»    <IUJO 

»» 

•-C0 

H-(|— O 

Cl 

1- 

5Z-  in 

in 

LU  +  c£h~    - 

Vs 

"V   • 

O        ^ 

O 

00 

t-tUJfT) 

ro 

a.-  oz- 

•* 

»-\0 

2-  1- 

CD 

z 

l-^f- 

h- 

1      ►Uiw 

00 

00.-H 

OUJ  -~* 

3 

0 

Q.O    •• 

•* 

1  ^i~-j(  11 

«— 

• 

•  Q 

o>^oo 

00 

0 

oz-v 

V 

1    -2  m 

1— 

0 

yQ        + 

<x  •■  » 

1 

1 

1  1   - 

•- 

I  -  1-4  .3 

2: 

l—( 

I— (- 

—^ 

_JUJ^vO 

1 

1 

1  1" 

-«»  — 

«  1  00-x  00 

a: 

0 

a  11 

v* 

<x  •»-< 

1 

1 

I    1  ••co"cc 

i  1  _im 

Q. 

■» 

•»        *—% 

•h 

t-H»     COO 

2: 

2: 

2:2:00 

•  00    < 

>O0<    •  11  + 

o 

^ 

• 

^ 

V. 

h"   ••  •  * 

UJ 

UJ 

UJUJZvOZ-OZZO 

UJ 

2: 

II 

II 

•■ 

khOvO- 

\- 

H- 

ht-aHQHOO       3X 

CC 

►— t 

^ 

*— - 

->2?sf'H  II 

00 

00 

U)1/)>hQmC 

l^t-H    ||    "J-} 

t— 1 

Q 

0 

•» 

-,X 

roi-Hi— q 

> 

>- 

>->h- 

»•! —    »•>— -1 —       - 

00 

z 

UJ 

LU" 

00  M 

•-.      -  ►> 

00 

00 

O0O0>— •••   ►— '"■ 

►-•ox  »  II 

UJ 

•» 

LL) 

ujsx 

•  a: 

►CL^-    1— 

Q 

II  Q  II 

o.z-)r<i 

o 

IL 

a. 

Sit— ll-H*-» 

vOH 

•     IH      ►  II    t— 1 

_J 

-J 

J-JZ 

2 

z:o-  mo 

_J 

00 

•-l|— C£»^ 

r-K 

II  Xv.      0 

0 

O 

oooioi 

•  OLL    ►H-» 

00 

X 

h-     t~  co 

DS 

00  *>-Cj 

ct: 

ct: 

^o^uhoi-o     m  •*  •• 

< 

hH 

Q. 

_i<   • 

»> 

U.-    C0f-_J 

H 

h- 

l-l-     <J     c 

>     1— rnv.^- 

9* 

'~*t—i 

— K2ZO 

Xa: 

_J    ►    •h-.UJ 

■ZL 

■z. 

z:2<z<2'<loi-  »-Ln 

1- 

>- 

•S.X 

<2       .-1 

<!-- 

XOvOO> 

O 

0 

OOujUJixjUJUJO    —  H- 

Z) 

Ql 

••00 

*-**~*OlC> 

<-*  •■ 

>-H(\Jr-lO 

O 

0 

Oojoo-Joo_iooo,vt—    •■ 

a 

UJ 

"v- 

1— u_-    •■ 

C\jO 

-   hQjI 

• 

*• 

-    .    m    Ul-    LL 

1-   -      «N 

h- 

Q 

p     *-  - 

-.1-.-     ,-x 

-.—     .vj" 

♦•  »■  ^u.io 

. 

•• 

••    ►    ••>    »•>    ••    ••»      ••    •• 

3 

•*. 

—  v^005*    ►OJ'OOXh 

Ov^.   t>(_ 

~-»o 

CO 

r)Oo<o<ocoi-oiv 

O 

>-0    »-C\|.-l»-<0^-  — • 

HH^    •■ 

CNJ    ».  II         M 

OCNJ 

(\J 

ojcnjcnj: 

£c\j3rc\jm-  in  ■- 

* 

-t\h 

•  -  rsji—  sj- 

•  ♦  cnj-v 

h-V.        UJCL 

^Hh- 

1- 

hhh 

h- 

\~\—    ^h-^0 

H 

X 

«    •*  »-0    •■}—    r-    •■ 

00  ►  >■- 

.  ••  ►.  >- 

O 

vrf 

D\-  C\JO   ►•N,- 

(Mrvj.  «s.« 

^V»    »<    ^^-> 

OV. 

"S. 

•N^  ^  ~v  Csl  "V  CNJ  ^  ^  in  "V  s0 

_J 

Q.(M    'HOtMS    »-OOClO    -r-i    -   ►sJ-LUO(N'-IC\J    " 

** 

e-     «»     »-•• 

•*   ••«_-    ••   »| —    •■■— « 

CL 

h-O^-  ro»—  »N». 

<N<j-.  %.. 

^>^ir\x>d" »— !•—< 

Q^ 

*«s- 

"»«s.V.N»-  * 

^"v    ►^O 

3' 

C£ 

OHH-H-K-h-      hht-hhhl-hl-                f-H- 

\-\~ 

h- 

l.-l-l- 

H- 

h-H 

o 

> 

<<<r<<     <r  <r  <t<  <r  <r  <t  <  <            <<<< 

< 

l<<t< 

<r 

<<r 

^2:2:2:2:2:    2:2: 

5:^.5:5:2:2:5:             2:2 

•^r  «• 

21 

15:2:2: 

5- 

2:2:                    CL 

>- 

— 1  cc  m  a:  a '  al     &.&. 

or  c£  a:  c£  c£  aT  al              cfcCdLcC 

0' 

\cCala: 

or 

oic^           00 

Z 

<QOOOO      QOOGOOOOO                OOOD' 

-a 

IOOO 

O 

OO                H-2T 

M 

UHU-ILU-IL      U- a.  U_  U_  u_  u_  u_  U_  U_                 U-U_ 

U.LL- 

LL 

IU-U-U- 

U. 

U_LL                  O0IJJ 

a: 

-;i 

■5f-  -Jt  -M 

-), 

i 

J- 

!             7« 

■tf-  -it  >r 

CL 

Dinoom     Or-icMOLnf 

vO 

r>-ooo 

in 

om 

DO^OO         r-4r-t 

1— iOr~l>— linOin                 LTMOsO  -0 

O 

001s- 

r^- 

coco 

DQOHH          r-t  1— ( 

r-t(\|C\l  CM  ;\|(V>rO                 «4*^- 

<j-Nf- 

Nf 

vt-^-J" 

vf 

>d-vl- 

HH 

1— ( 

^-(>Hc-( 

1— 1 

f-i--» 

102 


o 

CO 

o 
(\J 
o 

o 

x 

OO 


z 
< 

O 

LU 


13 

a 
on 

CD 
3 
00 


00 

z 

LU 

a: 

D 

z 
< 

X 

X 

►— I 
c£ 

< 

S 


wZ 

o 

Z-H 

<00 

(-1 

LL.O 

OUJ 

a: 

LUQ- 

^  . 
OLU 
Q.-J 
I/O  CO 
23 

<o 

I-— 

UJ 

X 

H-    • 
>- 
oo 
UJX 

^►-. 


uj: 
Z 


3 

OX 

a: 

COZ 
3— 
00 

z 

00  <t 
I— < 

iz 


oooooooo 

ooo^oo^o 
CMcOrocOcocorocn 
ooo^oooo 

oooooooa 
ininii 

OOoOOOOOoOOOOOoO 


co 
o 
o 

oo 


M 
I  — 

OS 
•«  *• 

IZ 

I  — 
<t>- 


coz 
41    •> 

-IS       « 
<  —       -> 

lljX  •• 

a:     SZ-. 

z  -  •—• 

f_0'-<r-*XUJ 

>-HH-t  ii  ii  ii  o 

O01m-5-,ZZ 

•—•z        *— «•— *cc 

-JlX!1— ••— t   H — 3 
O-S  ->ZH-0 

ShOOwOUjZ 


z 
s 

a 

•» 
CO 

•- 

< 
o 

Q_ 

s 
o 

LU 

z 


3 
O 
or 

CD 

3 
00 


O 


< 

o 


t— t 

h- 
_i 
3 

s: 

X 

►-« 

a: 

< 

s 

O 

oo 

»— • 
O 
LU 
cL 
o_ 

LU 
_J 
CD 
3 
O 
O 

LU 

X 

z 

oo 
SIX 

cc 

LL  — 

oro 

LU  II 

z 

LU 
ZX 


3  — 

oca 
ecu 

CO-* 
321 
oo 
X 

00 
1-H—l 

X  — 


ooooooooo 
.-h  (\j  co  *t  in  o  r--  oo  o 

I— If— Ir-Hr- •>—».— )r- 1— It— I 

cococororococococo 

OOOOOOOOO 

ooooooooo 

IIIIIIIII 

oooooooooOoooooooo 


o 


oooooo<~> 


co 

s 

«$-'-r\^or-coCTN'"} 

r\j 

CO 

C\jc\ic\j(\i<\j<\jrO 

CO 

1— 1 

corOrOfOcOrOcO 

o 

ooooooo 

o 

LU 

ooooooo 

X 

X 

xxxxxxx 

oo 

h- 

00  OO  OO  00  00  oo  oo 

>- 

o  •> 

CO 

—  LU 

o 

1—1   »• 

LU 

O-rH 

> 

so 

_J 

Ul    •> 

o 

|_rH 

00 

»co 

—+ 

J-  - 

i-H 

LU 

00  t-l 

— ' 

CO 

uj<r 

>- 

»-o 

I  — 

oz 

IS 

I  — 

<rO 


cos 

_I_J 
<  — 
LU< 


co 


< 

+ 


o        ► 

jzqs:m 


I— O  ►-».-.  (""••-'O 

HHH-I    II      II      II      II      || 

OoOv-h-5'^.^-^Z 
mZ  -)      —jcC 

lUJ'-*!— (    »"H    "O 

O.S  »-<      »-<t— O 

5:hOO-0«U-:Z 
wOODuQOaiUJ 


>- 

or 

LU 

o 

X 


o 

u_ 


3 
O 
cd 

CO 

3 
O0 


•»  CC  |-H  — 


o 

O0 

z 

o 


< 

3 

o 

LU 


z 

LU 

a: 

LU 
LL 
LL 
»— i 
Q 

LU 

X 


00 


z. 

o 

o  • 
o 

LUO 

ZQ. 

—"X 

l-O 

3 

OUJ 

o_Z 

CO»-i 

31- 

oo3 

O 

oooi 

►-•CO 

X3 
H-oO 


»-0  LU 

-*<*:  a 

vtLL        ► 

►LU  — «  s 

CnIS  iH 


rg 


cot— 
-•< 
CCT. 

•»r>j  — - 
-.  -_J> 
<t-3J  •> 

»~l —   »'«-* 

«— X~J     ► 

OS    "fM 

»-       ►! 1*-' 

^-5  »-ct: 
»•  ►ii  •■ 

*-.—>  »-r\j 

Q_     »■— J    •• 

-•Oh- 

<1-    -Zh 

<—        —  ii3 

M  C\lr-lZ      ► 

O       LLfNJI— vj- 
»-3    ►w* <T— ' 

XI i300X 

r  <tc\j  ►iiotM 
<x  »-o  ►  .- 
>-S.4-lu_J  —  0 

coh-co  ••(—  •■ 

■X  —>  ^ZHQ 
_J    •"^.CnJ^~'0 

<Xsf"   -  -y— 
UJ-)    ►rxjCMX'— 

CC    "vt  —  LU        (M 

3— -O   -Z    * 

t— <  —QmO 

OOO^CvJ    »-oo    • 

•—•■{!•  a  ►cnJZ.j 
_j_j^:c\icouj_i 

IKS-  ►S  — 
SlUCO-fM^-'LL 
•— 'QiO    »<Qm 


< 

h- 

00 

z 

o 
o 

LLI 

X 


I— 1 

> 

_J 
o 

t/0 


a. 


UJ 
LL 


O 


OO 

r-»f\| 

com 

COCO 

oo 

oo 

XX 
oo  oo 


■Ji- 

CsJ 

>- 
•H- 


C\J 
CM 

+  * 

-l> 

o— 

—a. 

>  + 

H      ^  -« 

—  <f 
O  ^-^— 
Z        ►> 

<cg 

—  > 

CNjJt 
>  — 

•it  CsJ 

(\ICL 

«      ► 

ON 

O  — 

•  o_ 

C\|  — 

I  + 

II 


a: 

LU 

o 


#  a-  -Ji  ^ 
■)«  ^  ■«•  a 


it  -V.  it  * 

*•  -W   ir  ^ 


#  «  #  ^ 


■j;  ^  it 

•J't  B  -J( 


103 


+ 

+ 

>> 

+  + 

<f- 

<f- 

si->i- 

tfsf 

>■ 

> 
tt 

>>- 

Nf 

<T 

<}■** 

>+>* 

l-» 

c\l 

i-hcm 

t-4(M 

u. 

+ 

LL 

+ 

llll 
+  + 

LLLL 
+  + 

oooooo^oooooooooooooooooo  ootnooooooooooooomor-oo 

rn^Lno'^-cooN0^-)r\iro<t-tnvOiv-cor>'~>'-<^\i<r^<f-in^or--  ooo,>o^'~>-^f\ir^<Mn-or— ooo-o— <r\if-joo<Nj(\j 

(^f^rn(^rnfnr^vtvj-Nt4-vj-vtvl-4-<fNj-inunLnir\ininintn  irMninvO^ooNOvOvOvOvO-OvOr^^-^f^-^-^-f*- 

O^OOOO^OOOOOOOOOOOOOOOOOO       OOO^OOOOOOOOOOOOOOO^ 

ooooaoooooooooooooooooooo     dooodogoodoooooocqoo 

XXX XXI XX IX XXX IX XXI XX I XX XX      II II I I IIII I II I II I II I 

C0l/)l/)00(/>l/)0Ol/)(/lO0o0O0(/)o0O0t/)l/)O0t/)O0</li/)00(/)00  l/^OOl/^OOoOf/J^OOl/^^l/OCOLOt/Ql/Ol/JUOl/l 

—  c\J  — .  -ft 

in  *         h-  — 

w  *        w    —  h- 

>-        —  -ft        —  >-        O  -ft         w 

#      ro         *— -*     m         Vr      •-•— •  -•«-»     >■  -H-      * 

— .      »■        o>t    «—    **-*■    wf-     cm    oi^-     -n-  — «    — • 

r-4-     ,-1        .—i—     >-     o^o     >-«—     -i;      rH<—     —  — i     •— i 

ww       w  — .      w>       -ft        ww        £  >-       -H        w>-       CM  ►         *  — 

>->      QIO      >-■)*■       —      >>      —  tt       —      >-*         •■  fH      CM  r-tCM 

■ft  -ft         I  —      -ft  -      CM      -tt  #       CM—      <0      #  -•      CM  ww  ww 

-»—.      —  >-      -»cM         •■      «-»«-•         •*<*      — -      —  CM      w 
r-lCM      G>-ft       .-l   •«      CM      CMCM      -4-    ».      >       (T)    »      q_ 
•-  ».      w— »        *->f      w        »•  ••     wsJ-      -ft         •••J-       +  CM 

<i-«t     >-<t    <t-—    a.     «*■'*    <—    —    «*—    — »# 

ww     ft-  w     wtx      +      ww       i  ex     cm     wo.      >t-n- 

<Q-       —  >-       <+       —       <Q-       —  +  ►      <+  ••- 

I   +       •-**         I  —      CM        I   +       r^—      CM        I  —■      -to 

^-.—»         „-- »      —  O         ►  CM'-'"'       »-»0       —CM  —  O       — 'i-H 

mN     -j-cm     it-i     cMwr--a*     >-rH     cxft-c><-i     cjw 

ww         w     t-        ww        w-;;    ww         ft   w  +  -ftww  I    > 

>->-       <>t       >->       O— >->-       -»>-       -»«-»>->«       — * 

*■»<•  i—  -ft*  I  I — **-  -Ji-  —  ■*  mo-ft-K  — - 
—  --.a.  — -—  — w,——  4-—.  ».w-^.->.  o-4" 
.-icm     o+     >-icM    — >-cnm      ^-m     r^>~<to     — <  ► 

••w    w— •      ».-w    r* — j(-   ■*■*    >!"'-'    «—-):-   •-—     •-'sj- 
(M>-     ^cj'     cm>-     w^.sj->-     w>-     o^>t>-     >-'—  «-"-•         ro     m        nro  roro 

w^t     -m-w.    _.}(.     >.vj-w^     <■«-      K-tt     -)t  cl  a.     xx        —    —        — >w    -,-»ww 

<— .     — >-     <— .     *     •»<— .      +—     —  »«<^     -.+  m      -;v  .)(  >-      >-  >>-      xx>->- 

I  «4-     '-<*       I  si*     — ^  l  -4-     —  >d-     -^<f  I  -J-     >!-—  I      C?0         ^t       «■  -Jr  %      «  #  ** 

«^   ».        ..-^      -^    •«      cM-^-^   *      CM    ••      0^«— '-»    •■        »-0  C/)       CCcC  — »      — »  ^-.*-»      Oa^-" 

>tcM     cmcm     4- cm       »-Q-vOr\i       ^cm     wcxcocm     vt'-t  llll         ro     co         mfl     aTcx:rnro 

ww       ww      ww       ^.  4.  «^w       (M~-       >-  +  «—w       w-w  o       LULL)  •»        •>  ••   »■      U..LL    •>   •* 

>-Q.       <>-       >-CL       w«>-CL       wQ.        -Jr— .>-Ql       <>-  LU        22  — (       CM  ^CM       UJUJr-tCM 

•fc  +        14!        *  +      <l^-*  +       <+      —  CT*  )    +       +-K-  Oil  ww  ww      22— w 

— .—     — .—.     ^^     +w~^~ .     w— •     m-«^     -"^i  a:     — •—        u_     ll         llll      l    I  llll 

cmlo    >t>t    ->th-    — >-cMo     i  r*-      *>-r-is-     oh-  lu    zz        +     +        ++     ww+  + 

^■w         ^.     t.  ».w.-»Lr\.}f.       ^w         ^»»«.  ^J-   fr   ^,»^^,v^»^  2:  MM  ^»  — »  -««-.  'ZLH'-"- » 

4">-       >-CM      vf>-0^--^CM>-       vO>-CMw^.>.>.o>->  CD       LOCO  CM      CM  CMCM      mm(\j(^ 

w4J-       ■}(•  w      w.k  H>.inw-i)       w  «•  .ft  <  vO  if-  X-  <-*  +  -K  13      DO  w      w  ww      0000—w 

<«      .—  a.      <-.w^*-<—      >— --K  +w-»^w— .— .  irt      ttit  >-      >•  >->-      oo>>- 

I  cm     ro+       I  cm>~>>  1  in       1  in— — •  >rOvO>-r^--»  i-h     r-t^-i         •«■■«■  ■»{•■«■      -ft-M-it* 

—« - -— .  ••—  «->««  cm^;  — .w^-^w r-^o^-   ►w^-rg  s:     coo        —2—2    — —    cmcm— — 

(M^h^vO^CO) •    ►«li1>-CMn>-w-^f\J>^.>.    •»  LU        +  +  (Ml— CMf—       CMCM       mQCMCM 

>-— >-<>>*>-  —  wwrNj>.^.>>_^.^.^.  CM<— w  — w  XX  HI(\JX       fHCM       —  —  r-^CM 

*  cm-};   1  -^  *   1  (M>-<  ►?;  cMr.  ■>«  cm——  «■  1  cM>-vtQ-  lu     -j;  -if-  o    wsrw^:    ww     xx— — 

^    ^^,  —  ^^»—    ►^f.  +  ^f-^    •w.-*    ►CMrO<t-'-    —)i      »•+  I        OOh       LLU-LL-K-        LLU-         ',<-  tf   LLU_ 

CM  CM  ^t  CM  CM -4"  CM  CM— —  wroCMr~  <1-CM    •-   •- — sOCM'^CM-  >—       cLoi:  +^»  +  ^»       ++        OO+  + 

t.*-.w-w>—w.«-.^.-4-c\jQL.    ^ww-    ►w -tfxiCL"— —>t»-«vt  LLLLO       —CM  — CM       — »— •       CXlO'.'-'^ - 

CM  CX  >->->->>- O.    »w  +  CMCX>-CMCL —>-+  >-Q-    ••<    •«  CX'        LULUO       r-<    »-M    ••       i-lf-l       LLLLrH'-* 

w  +  ^i  45   ^  J'r  -ft   +<f->-^. w+  )(.  w+  fX<t—  if    +-J-WCM  o        22  -HwM       ww       IXlUJww 

<X  —  —  —  — — wwvJ-<— ,«^.<^,  +  wv}-—  —  wft  w  LL         I     I   —  in>  —  >—       >>       32>-> 

icxi^rocM^l-Ni-^o-w    »-ifn<t-|sl"-"-w    »d-J-Qria  w^«.o  •--><  O41-  cD     ^  •»       1    1   ; 

»»•.»*,.»   ^+0(\j^,   ►  ^-^   »OOfM    •»  »>  +  Qw  oo      oooo    t^_H 1.      ^-»      ^-w-,^ 

•~<!^<t<MCM<}"CM'-<'-OwrnCM<f  NJ-CMr-HCJwCMfO^*      •+  iZ  OOO     »-r-l2r-l2  r— I  >— I  C")(/)Mr-( 

w«— >^ — wwwwr-   »a.wwwwww  «a.»-wC^rsicM  o     ooluco  ..(—  »-h-       ••  •■     00  ►  «-     ^O 

>-oa.<icxcx<c?— tM«->oa>o>-(Nj«-<ro-'  I  a  m     dq  •     p-kicm<t     —<cm     cjo-hcm     do 

I  I  +  I  +  +  I    I  >•  I  +  I    l  +  I    l  #  t  +  I    1  >~  11  I-     -);-  ft  _J— wlwX     ww     00— w       •  • 

II  11           11           11       11           11           11       11          —  <r     Mr-icx— illMllnj     llll     •}<  ft  llll     000 
^        —        —        ——        —        ——         o  3     <iu(-a:  11       11      vO  11  11  vo<Mr\j  11  11  vj  11  11  r-t 

cm        ra         vt         inso        r--         coo>         1-1     z  o      11  11  ~z\~  —     —        —»«-»     <uj— —     — 

w  w  w  ww  w  ww  wfXLLI         22^2  <-•        rH        D^-l—tO   II     II   r-(i-«C   r-ll-lO 

>-        >-        >-        >>-        >-        >>        >3  h-i—z:^  ►      ►    h-  •-  ►f-—  ►►(_-♦•••  1— 

Of!  (X  CX  CXtX  CX  (XcX  CXI—  LU       <t<Tww,-«       CM  r-t(M       — »(\jr-C\l       --ICM 

LU  IU  IU  LU       LU  UJ  LU       LU  LU       UJ  (-       XILI-LLw       w       O  w  wO  wwww-O  wwO 

O  Q  Q  DQ  Q  OO  OcX<      NShhD      3      ODDO»3DODDO 

tt-M-tftttt-M-H-***-**     ft-  -k     -«-  h-  •«      >; 

c>o     cm  ro  ^         in  oo 

^•■^  -n- 
■jf  •?;  ■); 


104 


oino^ooooooo^ooooo  oooo 

rorOsf  Ln^r^cooo— <<\jm<j-Lr>vOr— as  OOr- icm 

h-h-r^r^-f^-r-r^r^-ooracococooocoaooo  cocm^o 

ooooooooooooooooo  oooo 

oooooocoooooooooo  oooo 

IIIIIIIIIIIIIIIII  XXIX 

CO  CO  CO  CO  CO  CO  CO  CO  CO  OO  CO  CO  CO  CO  CO  CO  CO  OOoOOOOO 


< 

< 

X 

X 

2: 

51 

tt 

■« 

rH 

O 

1 

o 

o 

in 

ro 

vO 

o 

co 

•—in 

'-CM 

vt    • 

<t-  • 

— o 

wO 

>-  l 

>  + 

■its 

tt  2 

o 
o 

Oin 

inr- 
r-co 
r^-o 
com 
om 
in  cm 
coin 
cm  • 
mo 
•  I 
o  II 

ii  — 


►X  ►x 
(MM  vfvl 
—  *        — -K 

<XO  <r-l 

+  a  +1 
— r^  — o 
mo     foc\i 

>-«$•     >-m  ~> 
■«••■«■# 

—o     —  o  UJ 

m+     m  i  a: 

*— »        ►»-»  D 

(\Jr-l  <f-r-»  CO 

«■»     ►  v.*      ►  <J 

<tCM      <(\l  uu 

CM-H-        CM-K-  UJ 

-.  —      >-C\J      >-CM  2. 

—  O  r— I  i-H       .$(.•>       ft     •»  <$ 

OO  •»  ►      r-»CM      — .<}-  21 

om  -4-  CM      C\J«-       CM  — '  DC 

inh-         «-*  ►    — .  ►      ►co       •-co  o 

h-h-  ■— li— I       r-lf-4       f\J+        -4"  +  LL 

o    r-co         •>  *     ••  •>    ——    <— —  cd 

r-l       COO  v}-X       CMX>       <«H       <<-l  UJ 

cma    —  ►o— »  -tx     +  ••     +   ►  Ol. 
O     mm     .-<  <j-  \—  r-\  c\j  i—     -»r-i     ""•-< 

i—     cocm      ►  ►x  ►  ►:_■>     •-i*-'     rH<—  uj     xd 

(\Jin     -tx  ►cmx  ►     w^j     _3  X     or  a: 

o     in  •      ►ox  ►o:z>     >-*      >•■»  i—    i—  t— 
o      «o     t—  ►oh-  -or     -it  — »    ■«  —  xx 

O    |  X5>-     ►-ID      ►         -~r-4  -,_,  CC  Ar   # 

■"■«  •      •  ►     ►  *—      »-     ►  >_  r- 1     ►         r- 1      ►  O  OO 

o    i— i—     >-oxr^ci:z)'-*  »cm—  ►  <*-  u_     oo 

•  O— I     >— >— — »-»-.w(\|cnj—  vj-<f  — -  mm 
t— CM    •    t      ZQOZQO  —  CQ-wcD  CO         •    • 

_i  •—•«-»    <aro:<c£:a:x  +  >-<r+  z    oo 

•  r-l  r-l  r~i  Uja:a.Q.Q:Q.  O.    II     II  II     II  O  II     II 

I—  II     '   OHi-Zh£>^-'      — —  hh      ^-.r- 

<hwhzoqdoqd^n    f<ivt  (—     moz 

yNDDHJjjjjj>->-    >>-  i-    >->-_-) 

—     —  «-z_j_j_j_j_ uq:^     error  Z>     oiarf-o 

U-OU-U-0<<<<<<LHuj       ILILU  Q.       LUUJUJZ 

►-"0»-'»-'oooooooQq     do  2:     ooaruj 

■}(•  •}£-  O' 


vO 


»o 


o  000000000000            -~>o 

vO  h- co  o>  o  ^-1  f\j  ro  <f  to -o  r^- co            0^0 

O       2!  CM>a>OOOQOOOOO                O^-l 

ro      co  rororOxt^^-^-t-t^J-^vl-              vt-d- 

O     *-■  000000000000           OO 

O  OOOOODOOOOOO               00 

X       LLI  IIIIIIIIIIII  .       XX 

CO       X  COCOcOl/)0O</)tOC)o0  00CO(/}  uj       t/)^ 

I-  —           ^O  X) 

O    •>      wO  _J 

5:  rH>-l       UJi-l  < 

O  —UJ         _jw  > 

CC  r-l     ►        (— r-l 

LL  0_r-l       hhUJ  h- 

5:0      1-2:    ►  2 

co  ai  •»      »->-h-»  < 

I-  h-^H      — h-O  I- 

X>  <M        »"t0      <l"    »-0  CO 

a.  lu    1—  »~     .— «o  -z. 

\-  2"       COrH      >J-OH  O 

r)  •-<     lu<     «—  o—  i_> 

O  I—      h-  ►     H-OCNJ 

•■  ►•O  <r-(r-(  UJ 

D  r-l        — -CC          »•—  X  I— 

LU  UJ       vtLL       -~0    ••  < 

DC  5:          ►LU       sJ"X"  p- 

1—4  »— 1        C\|^          c    »-0  CO 

CO  I—        —    •>       vJ"-»0  I 

LU  ►       t— 2        —OO  >- 

O  (\J      cOI-      ZOH  o 

rM        t-H<I        1— lO-  <C 

LU  X       CrTX       <r-|r-l  UJ 

X  »■        »-M      O  *-'<-•  |— 

I—  r-i     — «  ►— 1  »-inx  CO 

—  r-l          vt2_J— -X      ► 

\-      co  X        •+-   ••>*   ••—  oo 

2!        (—  ►       -t<~i    •—  O  r- 

a:     O  o     —XOvtoo  ►-• 

■  Q.          —I  r-l          OZ      ►— 'OO 

►         a  X              ►     »-K-4|— Or-H  o 

2:  ►         r^^r_,<r-4^-  LU 

t-i     o  cr>     ~4"-o  «-s:  —  0  x 

O      Z  X         ►  ♦•^i^vt'-H  O 

z     <  ►     ^xz  ►xx  < 

►  co     •**  o  *»■*  •*  »  U-J 

u_       ••  x     a.  ►_jh- »-»  a: 

_j     co  ►      oa:«-oo 

X     h  r-     —01— i— 00  co 

r-<     z  2X      ^  ►zsoo  < 

«.     ►_,  — %i—   ••        «— " »  ^  ot  •— •  r-l  X          — . 

>  Qi  M<0       NHZQ.W-                               -^ 

ai     o_  1  xx     »-•••.  ►mo>  x         •-< 

LU  os  «-     U-C\l(— —  Xx  •-<          +- 

d             —  *-     »-in             ►— '<r-l      ►     •-  Ql                  r—l 

»•     CO  IhX      — 'OcO  —  — »— »      01—          o_ 

>  uj  1  —>  -    cm  «-^>-oo     cm  <        2: 

►  a:  <r  »->t^  «-o  ►a:  00  2:         lu 
X      O  wXX-  vfiU-JUJOO      0                   t- 

—     h-  —t  -     ^-oq.:o— tr-i     i-  \:          1 

o_     co  •  co  ►m     co  ►!—  ►— «—                      — . 

r-           O  ^r-  ->x        «-^^*  — c\Jco      n  l              h-i 

X5      U-iO  _|-j   •-      "<(M^hXX      o  X           — 

O       2(1  <    ►CM-    >t    ►   ►— '    ►   ►  r—            >- 

mI  UJi— X^    ►CMf\J>--*'-"^—                    0>-- 

UJ       I— O  Qi<    ►_lvt  —  UJ       OOOCM  U_       i-icO 

z     3  2:r-iuj^-o  ►zrooo  •  »-.      ►co 

t-t     ouj  1— ^xm<t  'Nooooh           r-4< 

I—          D'2  1-1                 <X          -^f_J«rHHrHO  UJ            II    O 

3      CO1-*  OC0sj-_J2!CM    ►cO«—  —  —    •  sZ       r-i  11 

O       DH  r-i^  ^        O    ►CMZT-Hf^CM_J  h-            ic: 

o:     coz>  _j_i_j_J2:cMcou)Xxuj_j  ^     hu 

co         o  a_<<<s:—  *2:  ►  ►2:*—  a:         lu 

x>     coo:  2;ujujujr~io:cM— 1— "wu.  lu     ox 

co     »-hco  r-ia:a:o.'0  kdNoKh  i—     du 

xx>  it  -ii       ■>.  u  -ii-  UJ 

h-co  o 


■Jr  it  * 


•K  -i.  -K 


105 


oooooioo  oooooooo^oooo^o  oooo^oooooooooo^oo 

<— •(Mro4*mvOrv-co  o>  o  •— km  rn  -4-  m  o  r—  co  o  o  — i  00  ro  .j-mvOr^corno  — t(\jm<fif\sOf^-TOO'>o  — < 

r-i.-4,-4.-H,-4r-i.-i.-i  i-t(Nj(Nj(Nj(\jr\j(Nj(\ir\J(Ni(Njc<)c<irorO  romrOo->rnro<f^t-^-^Ni-^vj-Nf^-<i-mm 

>t  -4-  <J-  4-  ^-  <t"  vj-  -j-  <t-v4-4-vt4-vfs^<t-xtvt^-<f<J-<i-vf  .j-  <j-  vj-  <*•  <J-  <h  <f-  <f  <Kt-  <f  <f-  4-  <t-  <J-  <f  sf  -j- 

O0000000  ooooooooooooooo  oooooooooooooooooo 

dooooooo  oooocddooocoooo  oooooooaoooooooooo 

iiiiiiii  iiiiiiiiniini  iiiiniiiiiiiiiiii 

OOoOOOoOOOOOoOOO  00i/)00  000000i/-)00  00o0O0i/}0000  00  OOOOoOOOOOoOOOOOoOOOOOoOOOoOOOOOoOoO 


«-» 

X 

z 

1— 1 

i— i 

a: 

< 

»- 

o 

< 

X 

t— 1 

*: 

a: 

o 

K 

< 

< 

CO 

51 

Q 

UJ 

U-I 

UJ 

I 

LL 

i—i 
oo 

O 

o 

U) 

i-4 

•• 

r-l 
11 

"J 

CT> 

UJ 

-> 

> 

11 

"J 

•• 

O 

_l 

UJ 

rsj 

•■ 

~3 

1- 

<r 

t- 

•» 

*-^ 

•» 

(Nl 

> 

< 

LL 

-> 

M 

o 

1— 

m 

p« 

*M«* 

o       o 

UJ 

^^ 

00 

y- 

►-H 

2! 

'-.^H                                CO 

»- 

h- 

«-» 

-> 

< 

w- 

i— < 

rofM                     (\j 

#"^ 

<t 

~5       "3 

•» 

h- 

5! 

u_ 

< 

C\J             O 

K 

^ 

»— i 

z 

^ 

*> 

O 

OO     ^            o 

1           o 

00 

+  «>M 

^-» 

< 

•» 

"3 

•» 

t~t-       II                 H- 

Q 

1 

r\j 

->->«- 

h- 

1— 

h- 

*< 

-J 

-> 

•           *~» 

> 

ii 

II  •—!— 

<r 

oo 

cO 

►— < 

•• 

on     -3            n 

r-t                 H 

*-» 

D 

-j 

-5  — < 

s: 

z 

►— < 

v— " 

»—i 

oo                     O 

•           00 

»— < 

< 

o 

*: 

»-i>-^: 

^ 

o 

a: 

»* 

«-« 

LU             UJ 

*^ 

UJ 

Q 

i  ^ 

i 

O 

O           f- 

>- 

I- 

• 

4- 

—  sJ" 

«-»  II  II     -4-^t  II 

oocvirn     OvJlh 

IT\— 1       ■— 1                   (NJ 

•               • 

II 

00 

(NJ 

«• 

vf     ► 

"" 5i— 1—*  — »          •■ 

•"^-0 

UJ 

a:^o 

•■LA      O 

►  vO 

•     •          •                      • 

i>£UJ       UJ 

^ 

II 

r-t 

•  »— < 

i>£      •_5H-<UJr-ll-t_: 

X 

Q-        •"' 

-4    »-UJ    •■ 

p-4    »-LU 

1— 1—        LU                    1— 

UDHO 

t— 1 

UJ 

#^ 

II 

HG  II 

+  0   •»   -ZD  II 

II    -3 

h- 

SvD  11  >ODO  II  or> 

O-Jc-lO         r-4^H_J 

UJZ+    t; 

z— 

Z 

X 

LA 

1 1 

+  UJ->-5UJ.-.-32:»-i 

-J-hZ 

Q«-i 

H— Jwl 

— •>—  k: 

Z    •    •+    »2L'++    • 

X»— '•— <>— <i 

x"-4 

a: 

1— 

""'l— < 

1 

~5    • 

+  .w~-" 

^^►— < 

UJ 

UJ 

LUi— 'UJ 

uj*-* 

qi_j-j-)-3cl:>— ~3^ 

ohMw: 

jHO^ 

I"      1 

<t-*i~st- 

t-H^Hj-l—  1—  CXDcOZh- 

H- 

_J  (—  LTD— 1—  1—  f- 1—  t-  3  _J  ~i  —i  —)  3  >—  —) 21 

— *Z  ll  *-l 

-5:  ii 

►- 

UJ 

s:  ii 

II  <- 

ii  »-<<z: 

"-"Z 

3 

_)►-! 

H- <^t— 1 

►-•z 

)_<— ^  ||  w|-  II    II  — 

LL  O  *-*  U_  U  1  UJ  .- 

iUJ 

a; 

C£-> 

iO-)u.o-)u.u:ooo<d 

CL 

<arocrroa:a(XOUJu^LL-ju.u.>-l-)U_ 

hHOMM| 

ih>- 

■  a: 

O 

O-^O^t-^O 

►-"-•^^OOOOO 

S 

0  20203020  o:  >-,*-<—)>-,  ad  *->—)>— 

>— 

o 

t-i 

O 

00 

(\l 

<r 

00 

o 

in 

h- 

(NJ                          (Nl 

ton  n 

# -ft  -J! 

it-  #  45 

•ft  *•« 

106 


oooooo^o 
mLnmLnLTiinunLn 
oooooooo 

OOOOQOOO 
IHIIIII 

OO  00 I/)  OO  OOOO  00  00 


ooooooo 

ooooo 

o 

o 

o  i-<  cm  m  v±  in  no 

NCOOO^ 

<f 

00 

vO  vO  O  sO  •£>  o  o 

OvO-o^-r*- 

00 

00 

*}■  4- <*■<}•  •&<?<? 

-t>tvt>J"vt 

• 

<*■ 

•4- 

ooooooo 

ooooo 

\~ 

o 

o 

ooooooo 

ooooo 

3 

o 

o 

IHIIII 

mii 

a. 

X 

X 

to  OO  I/O  00  OO  00  00 

OOoOOOOOOO 

o 
o 

OO 

OO 

UJ 

o 

<LU 

LLO 

a:< 

OLL 

ooa: 

3 

-J  00 

O 

>■ 

>-a:_J 

h- 

H-HO 

►— < 

t—ZQtl 

o 

OOh 

o 

OUZ 

_J 

-J     o 

UJ 

UJaiO 

> 

>a 

t-O 

liiujlK  a: 

>>uu>< 

<<ri—  \-\xi~z 

UJ UJ  •— 1  t-i _J< 

iio-aujo 

AAAAAA 

II    II 

II  II  II  II 

i-K\lrONtlT\vO 

XXxXXX 

1 

1 

OO 

UJ 

t— . 

ai 

o 

I 
I 

00 

UJ 
OO  «-< 

UJUJ  CC 

ooco  o 

^-  UJUJ-W--W-  h- 

00  DO— •«•> »  oo 

►"-"  •>(   *  r-lrH  "H 

X  -._.-„-»   »■  ►x  X 

f-<(MrOsJ-^t(M  II 
UJ  «^.— w.—ww-'-  LU 

s:  >->->->-ddmia    s: 

►-"  II  II  II  II  II  II  >-<<\l     >— 

I-  ^..~,^-».-..-,_       (_ 

mhhhhh^Q 
,-1  mhhwmmUjH       (\j 

r-KMrOsj-mo'-'O 
Z  XXXXXXhO      z 


) 


o 

>-       >C£_J 
h-      h-t-O 

»-<    >-*z:cx: 
o     UOH 

o    ooz 

_J     -J     o 
uj    ujaro 

>    >o 

l-O 

ujujIkq: 
>>oo>< 
<<i— k-ujz: 

LU  UJ « — •■ — i » <I 

Iiao-ujo 

AAAAAA 

II   II    II   II    II   II 
0«-Hr\j 

h-  00  CT>  r— |r-l  i— I 

xxxxxx 


NN 


UJ 

o 

<UJ 
U-O 

3U- 

ooc^  »— I—  og<M 

3  ZOO  •    • 

_ioo  —                                    ►-•UJ  »  ■> 


o 

oo 

z 

•»    •- 

t— 1 

*•■«* 

h- 

•»    t* 

h- 

COCO 

O 

••    •» 

_J 

oo 

Q.    • 

•■    •. 

21 

C\|C\J 

alCD 

•»      •". 

o*-< 

KK 

h- 

aror 

o< 

•*    r- 

zo 

mm 

„  it-  #■**##  *  #  a  «  *•  -k  ■«■  *  ^  * 

-K-  *•  #  *  *  •)!■■«••«-  #  *  -ifr  tt  -It  -St  *  ■»  -it 


_l 

a:> 

•  • 

<X 

CLZ 

00 

H 

HH 

»— «r— t 

o 

q: 

•-     •- 

h- 

Ouj 
u-x 

LUUJ 
_J_J 

-0 

1- 

hh 

""* 

0 

UIO 

h- 

002: 

»-        •- 

-3 

3-i 
a: 

_i_J 

UJUJ 

UJ 

UJ3 

COCO 

a^ 

coo 

<r< 

3 

O 

_J_l 

oo 

O 

>-o 

»•       9- 

< 

• 

<UJ 

OO 

UJ 

r-( 

^:oo 

••  »■ 

53 

II 

3 

r-irn 

««, 

y 

V*      •* 

UJ 

LO 

<o0 

r-»H 

O 

*■*» 

cxr<r 

XX 

z: 

H- 

OS 

»>    ^ 

OO 

< 

5! 

O 

-H(\J 

UJUJ 

51 

Ql 

C£2 

UJUJ 

OOO 

Ql 

a. 

CL< 

U    ITSIUJ 

OUJ-Jr   V 

O 

&' 

_J-.t-._J 

UJO  — — « 

LL 

~-> 

LUO 

H-t-j-K- 

Df  r-*.-< 

a.' 

0 

X 

k- 1    •*  •*►— . 

$r  *"^   *"  •* 

UJ 

0 

1—  UJ 

h     — « • — ■  1 — 

—  ~~> .vJ-r-tCMX 

a 

0 

2- 

. — <  t— « 

r-tCNjm-— —  ~^   II 

.-*«-» 

r-( 

U.*-' 

1— » «..«.«■■-< 

ww-^-^33-^ 

ijj 

un-O 

• 

Oh 

0  :•£  3-  0 

>->->-    II     II      II    *- 

X 

—-33 

3 

o<<c> 

II     II     II   #-»-»-%HH 

H- 

>>-0Ll.l 

HO 

►  a:  a:   »■ 

+  +  + 

•Z 

cya^ 

LT.OOin 

IU 

XDXMa' 

<TCD 

•w»                       — • 

h- 

OOOm^ 

Q.3 

GJJO 

««wOHogj: 

3 

II  11  11 

^— 1— 

00 

<i_j_i< 

f-OOCiHr-tr-tl— l 

a. 

XOK-LLUi 

00 

Lb<<LU 

XXXXXXI— 

23 

-)-)-}>—  Ol 

1— 10O 

a'OUo: 

a 

XCL 

m 

o 

LO 

HZ 

0 

<\i 

(NJ 

m 

■Jt  it    4t 

■K  ■«  -it  41 

■»! 

■>r  •!! 

■> 

;■«•«-:> 

107 


ooo°oooo,">oor>o 

ooooooooooooo 

ooooooooaoooa 
iniiiiiiiiii 

OOoOOOOOOOOOoOoOOOoOOOoOoO 

I 
o 


MM 

►—I-"* 

••  •» 

a.^ 

OO 

m        *- 

».  •• 

•»>«* 

•4" -J- 

>t     *• 

•-  •• 

O- 

coco 

hQ 

«.  •■ 

•-cri 

OO 

-  < 

*.  •• 

>z 

C\](M 

h-< 

•>.  •« 

»-<o 

t-h- 

o- 

cccc 

o  ► 

»-  •• 

_lr- 

r-Ht-4 

UJi— 1 

•»    •> 

>r-l 

•     • 

h- 

OO 

>—• 

«— « 

UJ    *• 

i-l  r-4 

^ 

"•x 

>- 

••    •"■ 

•» 

*. 

<LcC 

t     • 

^ 

V, 

ill  CD 

OO 

* 

•«. 

Ih 

r-*r-l 

^^ 

*-■» 

-  < 

»-    •■ 

co 

CO 

►> 

UJOj 

• 

• 

OUJ 

_J_J 

vO 

o 

>t_J 

h-(- 

1-1 

1—1 

(-UJ 

»— <►— I 

o 

Q 

■*» 

H-h- 

•" 

^ 

•       ♦» 

•■  •» 

• 

•  «■ 

LUp- 

-J_J 

II 

II 

>o> 

UJLIJ 

<CI~ 

COcQ 

— . 

»— 

uu  •• 

<< 

• 

m 

3> 

-J_J 

■» 

t- 

-  > 

•»      •* 

r-i 

r-l 

►H- 

OO 

►— 1 

►— 1 

COi— < 

r*     •» 

*M 

•» 

C\IO 

r-ir<i 

m 

• 

h-O 

••  »• 

•» 

•» 

•._! 

roo^ 

• 

• 

•   LU       -> 

XX 

r> 

•» 

■-<>     <J- 

•-    »• 

i—l 

1—1 

UJ          -«t-H 

r-lCvl 

l— l 

»— 1 

SIX—   ► 

UJUJ 

t- 

»> 

l-HOX- 

s:r 

■ 

~ 

1—  1—  C\J  II 

I— I— *-|U_^^  .-CLCOh-h 

MM  •"*»■*     ►        h-     »-0- 

f_H>-"-.X  »-x  —  »--o--4  ••—• 

^-  — v0  4-*^-J--  -  r-U_XCO~> 
-£^co»-»  ►-MHh>-o<i'4' 

rCcCO*~  *-'*— *-«—     ww^.^- 

OQ*-l— h-h-H-l-      hl-l-l-2 

ixj  <r  <r  <t  <i  <t  <r  <r  ■<  <r  c£ 

_i  _i  »-i  a:  r£  o:  a:  or     c£  a:  a:  a£  h-  o 
«a:oaooo    dooouiz 
oosu.u_u_u-u_     u.u-u_u_qc:lij 
•it 
morning     m<o^n 
msoor^-co     cocoon 


o 

a> 

< 

<M 

m 

X 

o 

1—1 

o 

cC 

X 

h- 

00 

< 

s: 

^> 

C\J 

X 

f\J 

ooooooooo 
Oi-frMm^tLOvn^-ro 
romrorommrororn 

OOOOOOOOO 

ooooooooo 

IIIHHII 

oo  oo  oo  oo  oo  oo  oo  oo  oo 


o 

no 

ooooo 

eg 

m^t 

mor-roCT* 

<f 

<f^ 

^•^Nfvt-4" 

in 

mm 

iftininmin 

o 

z 

OO 

ooooo 

o 

UJ 

OO 

ooooo 

X 

X 

XX 

xxxxx 

00 

3 

00  00 

OOOOOOOOOO 

< 
■z. 

to 

oo 


u_ 
o 

o 
z: 

UJ 

< 

OO 

s: 

CC 

s: 

LU 

o 

> 

o 

z: 

X 

i—i  • 

UJ 

•— i 

CO 

X 

oC 

z 

\- 

\- 

ox 

< 

►—!»—« 

U- 

s: 

00  c£ 

o 

mhK— 

>- 

o< 

00 

i- 

UJ5I 

1- 

t—i 

C£ 

z: 

h- 

o_— 

UJ 

z 

— •    — , 

CM 

•— i 

UJ 

^-o— o 

UJ 

o 

O 

OOOQ 

_IX 

t— 1 

»— 4 

Dinc^ 

CO 

.«•«■» 

U_ 

LHOOvO 

X>(\J 

rH 

U- 

UJ 

sOo^oro 

o— 

•* 

UJ 

X 

o^vomcT* 

o 

eg 

o 

1- 

OLno^ro 

Ul 

«_« 

o 

lA^-ifOCO 

ujx 

<r 

U_ 

i-Hstcor- 

XI- 

*~^           TC 

«-. 

UJ 

•^» 

O 

str-M^r-. 

H 

fxj           -^. 

MH 

X 

M 

oc\jr-vd- 

Z 

|     —  <\J 

Vt 

1- 

■« 

X 

CM    «sj-    • 

O0*-< 

or\i  ► 

O 

O 

1— 

•  ro   «o 

— * 

UJ 

».     *r-\ 

•» 

O0 

^ 

z 

n^o- 

CO 

H-H 

Xrg— 

o 

z 

X 

UJ 

wOO— 'OO 

•* 

Z>-J 

1  «-< 

*> 

CC 

1 

1- 

ZOZO 

< 

o-O 

<co  |      _j_j 

CO 

o 

<: 

mOmO 

*•* 

2100 

w    ►- ^_JLUIU_I 

^ 

1— 

>~- 

UJ 

ooO      O 

> 

OUJ 

— .CNJUJCiOUJ 

< 

ai 

z 

c  ■::     i  * 

z 

LJCC. 

COCNJ    t-DSNCj 

«Htf 

CC 

CO 

o 

•it  o      o 

*—* 

X-     ►CMV.— .— . 

>^ 

1— 

* 

oo  ^o 

CC 

UJIU 

jfvj-^rjH 

1— « 

00 

UJ 

_J 

OO 

O  O  C  CO 

o 

ZI 

<*—  <r(\i  ••  •• 

1—1 

UJ 

z 

< 

l-H 

O  O       1  r-l 

1-.I-. 

UJ  <  -ft      »-^-l  C\J 

*• 

►— * 

turn 

OO'  <LT\ 

UJ 

H- 

Cl       ^(\J— . 

rH 

UJ 

i- 

cc  ► 

X 

OLn.ArO 

z 

r>oo 

Zr-t*—  << 

«— 

"Z- 

oo 

CNJ 

►— « 

lTi,ri'  irO 

►— 1 

oz 

h-O   ►<  1    I 

< 

t-H 

o   • 

K  * 

or 

rtr-u  irO 

h- 

orct: 

1-tl-lrH    II      11      II 

II 

1— 

a:  r-i 

►— Ir-H 

I— 

i-iO'  ir~ 

D 

corj 

r> 

CO 

O 

< 

OHh-r-^Z 

o 

Oh- 

►— \*Z.  <Tf— lf\Ji— 4 

rgoi 

o 

Ooo 

•—(»-> 

51 

i—l    erH    «C^ 

oc 

00  UJ 

_JUj  (J     •>  «   » 

►  O 

<* 

00  •— • 

JM 

•O     lOD 

CO 

a: 

O-SI-J'-H— ((M(M(— O 

co 

CL«— 

a: 

OlOlh 

z> 

OO 

s;>-iuj— "— — 

—  U-IZ 

o 

ooh- 

5.U- 

II    II    II    II  UJ 

OO 

M(J 

>-HOOCQcQcOCOQ.'UJ 

OO 

*—<£ 

►— tr-H 

UJ 

<coooa: 

IZ 

XX 

X 

H< 

H-O 

1- 

r-f 

•J 

;  •«•  •»;  •}( 

* 

:  ■}(  ■«■•« 

■> 

:•*  * 

* 

;  -it  •«•  ■*( 

■tf-  -it  ■«•  * 

•Jt-if  ■): 

108 


CC 
h- 

< 


OO^OO  OOO^OO 

Or-ic\im<(-  LTivOr^-oooo 

inminLnm  in  in  ir\  in  in  ir* 

ooooo  oooooo 

ooooo  oooooo 

xxxxx  xxxxxx 

OOoOOOoOOO  OOoOOOOOoOOO 


■z. 

~o-<o 

~o->o 

LU 

OQOO 

X 

oooo 

o 

or>Qr-» 

►— I 

Orooovl 

1— I 

r~-  ro> — »oj 

CC 

roocMo 

rn<x><\lvo 

\- 

OvDOO 

UJ 

oor~-sOLT\ 

< 

nOMDOcm 

X 

h"-vOlT\cO 

s: 

^OvQfMm 

h- 

vONfOH 

VOI-O^NJ- 

r»-in.-(r\i 

>- 

mcxKfcO 

LL 

mocvjxt 

t- 

(\lr0aDr-H 

O 

o>t<i-i-n 

t— i 

fOvt-<(M 

>t  •m  • 

h- 

•J-    »<NI    • 

u_ 

•  r0  »o 

■z. 

•  m  «o 

_l 

co— o>— 

UJ 

ro  — o  — 

< 

— oo— oo 

o 

—  00  —  00 

X 

zozo 

(—1 

zozo 

"UHU 

►-hOi-<0 

UJ 

oooooo 

UJ 

OOOOOO 

2 

D)tQ^. 

X 

o-h  o# 

o 

*  O  !(-  O 

t- 

■>«-<—!•)!   »H 

OQOO 

r-1    1    .-1    1 

00 

QCOOC^ 

00 

t  O  1  o 

1— ( 

COMORO 

t-H 

DO^QO 

rol^-vOr\J 

ooosi- 

X 

h-r^ovjo 

X 

oin^M 

1—4 

h-r^oi^- 

t— 4 

LT\OC\|--l 

cc 

rnro  r-r-i 

CC 

CMD^r-tco 

1- 

!^l(\J^HO 

\- 

OM^COO 

< 

<\Ii-HO.-lZ 

< 

roo>or>-z 

2: 

rH     •!—<     1  C£ 

2: 

o^  «r^  *cc 

•  o  «or> 

•  O    •OO 

a: 

OlOlh 

ct 

O  |  O  I   h-O 

II    II    II    II  UJ 

II    II    II    II  UJZ 

UJ 

<coUQa: 

UJ 

<coooa;uj 

X 

X 

r- 

CO 

h- 

m 

tt  tf  -it 

ir  #  * 

•«■•«-  * 

?<-  •}:  •}(• 

109 


LIST  OF  REFERENCES 


1.  Naval  Undersea  Research  and  Development  Center  Technical 

Note  TN-414,  Naval  Feasibility  Study  of  the  NUC  Semi- 

.bmerged  Ship  Concept,  Part  1,  by  T.  G~.    Lang, 
September  1970. 

2.  Abkowitz,  M.  A.,  Stability  and  Motion  Control  of  Ocean 

Vehicles,  M.I.T.  Press,  1969. 

3.  Naval  Undersea  Research  and  Development  Center  Technical 

Note  TN-582,  Dynamics  and  Control  of  a  Twin-Hulled 
Semisubmerged  Ship,  by  D.  T\  Higdon,  1  August  1971. 

4.  Ward,  J.  R.  and  Strum,  R.  D.,  The  Signal  Flow  Graph  in 

Linear  Systems  Analysis,  Prentice-Hall,  1968 . 

5.  Kirk,  D.  E.,  Optimal  Control  Theory,  An  Introduction, 

Prentice-Hall,  1970. 

6.  Kalman,  R.  E.,  "Contributions,  to  the  Theory  of  Optimal 

Control,"  Bol.  Soc .  Mat.  Mex. ,  1960. 

7.  Athans,  M.  and  Falb,  P.L.,  Optimal  Control,  p.  773,  801, 

McGraw-Hill,  1966. 

8.  Hsu,  J.C.  and  Meyer,  A.U. ,  Modern  Control  Principles  and 

and  Applications,  p.  342,  McGraw-Hill,  1968 . 


110 


INITIAL  DISTRIBUTION  LIST 


No.  Copies 


1.  Defense  Documentation  Center  2 
Cameron  Station 

Alexandria,  Virginia  22314 

2.  Library,  Code  0212  2 
Naval  Postgraduate  School 

Monterey,  California  93940 

3.  Professor  Donald  E.  Kirk,  Code  52  Ki  4 
Department  of  Electrical  Engineering 

Naval  Postgraduate  School 
Monterey,  California  93940 

4.  Professor  Harold  A.  Titus,  Code  52  Ts  6 
Department  of  Electrical  Engineering 

Naval  Postgraduate  School 
Monterey,  California  93940 

5.  Dr.  Donald  T.  Higdon         .  1 
Advanced  Concepts  Group 

Naval  Undersea  Research 

and  Development  Center 
San  Diego,  California  92106 

6.  LT  Gilbert  F.  Monell,  Jr.,  USN  1 
3508  Schoolhouse  Lane 

Harrisburg,  Pennsylvania  17109 


111 


Unclassified 


Security  Classification 


DOCUMENT  CONTROL  DATA  -R&D 


(Security  classi hcmlion  of  title,   body  ol  abstract  and  indexing  annotation  must  be  entered  when  the  overall  report  la  classified) 


I .   ORIGINATING    ACTIVITY   (Corporate  author) 

Naval  Postgraduate  School 
Monterey,  California  93940 


3      REPORT    TITLE 


Za.   REPORT    SECURITY    CLASSIFICATION 

Unclassified 


26.  GROUP 


AUTOMATIC  CONTROL  SYSTEMS 
FOR 
LONGITUDINAL  MOTION  OF  SEMISUBMERGED  SHIPS 


4.    DESCRIPTIVE   NOTES  (Typa  ot  report  and.inclusive  dates) 


Electrical  Engineer  Thesis;  Sepbember  1972 


».    authoR(S)  (First  name,  middle  Initial,   last  name) 


Gilbert  Finley  Monell,  Jr. 
Lieutenant,  United  States  Navy 


«.  REPOR  T  D  A  TE 


September  1972 


7«.    TOTAL    NO.    OF    PAGES 


113 


76.    NO.    OF    REFS 


la.     CONTRACT    OR    GRANT    NO. 


6.    PROJECT  NO. 


Ha.    ORIGINATOR'S    REPORT    NUMBER(S) 


86.   OTHER   REPORT   NO(S)  (Any  other  numbers   that  may  be  assigned 
this  report) 


10.    DISTRIBUTION    STATEMENT 


Approved  for  public  release;  distribution  unlimited. 


II.    SUPPLEMENTARY    NOTES 


12.    SPONSORING    MILITARY    ACTIVITY 


Naval  Postgraduate  School 
Monterey,  California  93940 


13.  ABSTRAC  T 


Optimal  control  theory  is  used  to  develop  three  automatic  control 
systems  for  the  longitudinal  motion  of  a  semisubmerged  ship.   A 
linearized  mathematical  model  of  the  ship  motion  is  used  and  the 
control  problem  is  treated  as  a  linear  regulator.   Simulations  of  the 
ship's  longitudinal  motions,  utilizing  the  three  control  systems,  are 
compared  for  various  sea  conditions.   It  is  concluded  that  if  .he 
wave  forces  and  moments  are  known  or  are  estimated  as  functiors  of 
time,  a  suboptimal  controller  is  the  best  controller.   However,  if  a 
frequency  domain  approach  is  used  to  estimate  the  wave  forces  and 
moments,  the  complexity  of  a  suboptimal  controller  approaches  chat  of 
an  optimal  controller  and  the  difference  between  the  two  is  negligible 
Preliminary  work  on  three  techniques  for  estimating  the  forces  and 
moments  is  presented. 


FORM 

I  NOV  68 

S/N  0101 -807-681 1 


1473     (PAGE  n 


112 


Unclassif i 


Security  Cieaaification 


A-31408 


Unclassified 


Security  Classification 


KEY     WORDS 


Semisubmerged  Ship 
Optimal  Control 
Suboptimal  Control 
Linear  Regulator 
Estimator 
Observer 


DD,F.T..1473  'back 


S/N    0101-907-6821 


ROLE  w  T 


Unclassified 


113 


Security  Classification 


A  -  3  ' 


~^- 


■M 


2 5 M*Y 7ft 
12  WAR  79 


2  2  7  9  3 
23200 
2  5  2  7  5 


Thesi 

M673 

c.l 


137134 

Monell 

Automatic  control  syst- 
ems for  longitudinal  mo- 
tion of  semi  submerged 

227  9  3 


ships 

74 


25MAY76 
12  VAR79 


23200 

25275 


Thesis 

127134 

M673 

Mone 1  1 

c.l 

Automatic  control  syst- 

ems for  longitudinal  mo- 

tion of  serni submerged 

ships. 

thesM673 

Automatic  control 


systems  for  longitudin 


3  2768  001  01227  V 

DUDLEVKNOXLIBRARV 


